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1. PABOTBI OAO «HHUIII'C» B OBJIACTHU TEIVIO3AIIUTHI U ITIPEOBPA3OBAHUA
TOIIJIUBA. JOCTHXKEHHUS 1 HEPCIIEKTHBbI.

A.B. Kopabdeabnukos, A.JI. Kypanos
OAO «HUITCy» XK «Jlenuney», Cankm-Ilemepbypz

B paGore pacCMOTpEHBl OCHOBHBIE HayYHO-TEXHHYECKHE HpoOIeEMBI pa3paboTKH
YTH/IM3AUMH TEIIa X KOHBEPCHH YTJIEBOJOPOAHOIO TOIIMBA IIPUMEHHTENBHO K S9HEPreTHUECKUM
M JBUraTeJbHBIM YCTAHOBKAM pPAa3iMYHOro HasHadeHus. IIpoBeNEHHBIA IMKI pacyeTHO-
TEOPETUYECKAX U IKCIIEPUMEHTAIbHBIX HMCCIEAOBAHUM 3al0XH/ 6a3uC AJiA pelIeHHS MHOTHX
3aja4, CTOANIMX Teped pa3pabOoTYUKaMH CHCTEMBl AKTUBHOHM TEILUIOBOM 3alMTBl |
npeobpazoBanus Torusa ['JIA Ha yriieBoIOpOJHOM TOILIHBE.

B xoje BbITosIHEHU paboThI

- TDMpoBEJEH  aHATM3 THIOB  SHIOTEPMHYECKMX  IIPOIIECCOB  (TEPMHYECKHE H
KAaTATHUTHYECKHE), pA3IMYAOMUXCA 110 CKOPOCTH, TEIUIOBOMY 3(QexTy H COcTaBy
I0JTy4aeMBIX IIPOIYKTOB;

- paspaboTaHa JABYXCTyIIEHYAaTas CXeMa KOHBEPCHH XUAKHX YIIIEBOXOPOIOB,;

- chopMmynupoBanbl TpeOGoBaHMS K OOPTOBBIM KaTalIu3aTopaM H TEPMOXUMHYECKHM
peaxkTopam Kak 3JIeMeHTaM KOHCTPYKIMH TPAHCIIOPTHBIX CPEACTB;

~  BBIZENICHB] THIIEI KaTaIu3aTopoB (IIaHAPHBIE U KapKacHBIE), UCIIOJIB30BaHHE KOTOPBIX B
PEaKTOpax TEIIOBO 3aNIUTHI IO3BOJIHT CAENATh HX KOHCTPYKUMH JIETKHMH, IIPOYHBIMH,
UMEIOIHMH MaJioe THAPABIHMYECKOE COIIPOTHBIICHHE M BBICOKHE TEIIOMAcCOOOMEHHEIE
XapaKTEPUCTHKH;

- pa3paboTaHbl OCHOBBI TEXHOJIOTHH Ta30TEPMHUYECKOTO M XOJIOAHOTO ra30JHHaMHUYECKOro
HaNbUICHNS KaTATATHYECKUX TTOKPHITHI;

- IpOBEIEHBI PaCUEThI OTAENBHBIX TEPMOXUMHYECKHX PEAKTOPOB M HX CUCTEM C IIOMOLIBIO
pa3paboTaHHBIX AITOPHTMOB U [IPOTPaMM;

- 0000mIeHB! pe3yNbTaThl MHOTOYHCICHHBIX Ja00paTOpHBIX M CTEHAOBBIX HCHLITAHUH
TEPMOXHMHYECKHX PEKTOPOB, MOKAa3bIBAIOIIME BO3MOXHOCTH TEPMOXHMHYECKOTO
peobpa3oBaHUsA HMCXOJHOTO TOIUIHBA C pa3HO CTENEHBbIO KOHBEPCHH M B LIMPOKOM
JHana3oHe TEeIIOBBIX Harpy3o0K.

Janpuelimue mepcrnexTHBBI pabOTHl  CBA3AHBl €  IONY4EHMEM H3  HCXOAHOrO
YIJIEBOAOPOJHOTO TOIIMBA CMECEH Pa3IMyHOIO COCTaBa M M3YYEHHEM IIPOLECCOB MX TFOPEHHMS,
HCHONB30BaHHEM B KauyecTBe KaTalW3aTOpOB METALIOB M CIUIABOB € aMop(HO,
MHKpPOKPHCTA/UINYECKOH ¥ HaHO(a3HOM CTPyKTypaMH, a Takxe C paclHMpEeHHEM Kpyra
paccMaTPHBAEMBIX SHIOTEPMUYECKUX peakuMii M YCIOBHH HMX MpPOBEICHUS B Pa3IMYHBIX
9HEPreTHYECKUX U JBUIaTENHHBIX YCTAHOBKAX.

1. WORKS BY HSRI [NIPGS] IN THE SPHERE OF THERMAL PROTECTION AND
FUEL MODIFICATION. ACCOMPLISHMENTS AND PERSPECTIVES.

Korabelnikov, A.V., Kuranov, A.L.
Hypersonic Systems Research Institute of the Leninetz Holding Company,
St. Petersburg

In this paper basic scientific and technical problems associated with heat utilization and
hydrocarbon fuel conversion as applied to energy and propulsion systems of various designations
are reviewed. The conducted cycle of computation-theoretical and experimental investigations
laid the groundwork for solution of many problems facing the developers of active thermal
protection and hydrocarbon fuel transformation system of hypersonic flight vehicle. In the
process of work the following was done:




- analysis of endothermic process types (thermal and catalytic) that differ in velocities,
thermal effect and obtained product compositions has been performed,;

- two-stage scheme of liquid hydrocarbon conversion was developed;

- requirements to the on-board catalysts and thermochemical reactors as structural
components of transport vehicle were formulated;

- catalyst types (planar and frame) have been identified; their usage with the reactors
of thermal protection will help make their structures more light and durable,
possessing low pressure loss and high thermal-and-mass-exchange characteristics;

- foundations of gasthermal and cold gasdynamic spraying techniques for catalytic
coats have been developed;

- computations of some thermochemical reactors and their systems utilizing algorithms
and programs developed have been carried out;

- the results of numerous laboratory and bench tests of thermochemical reactors
proving feasibility of thermochemical transformation of the basic fuel with various
conversion degree and in a wide range of thermal loads have been generalized.

Further work perspectives are associated with the production from basic hydrocarbon fuel
of different composition mixtures and study of their combustion processes, utilization of metals
and alloys with amorphous, microcrystalline and n-phase structures in the capacity of catalysts,
as well as expansion the range of endothermic reactions under consideration and conditions of
their running in various energy and propulsion systems. '

2. PA3PABOTKA 1 UCCIIENOBAHUE KATAIMTHYECKAX HAHOMATEPHAJIOB
C AMOP®HON U MUKPOKPUCTAJUIMYECKOM CTPYKTYPOM AJISI TIAPOBOM
KOHBEPCHH YTI'JIEBOAOPOJOB '

b. B. ®apmaxosckuii*, T. C. Bunorpagosa*, A.B.KopaGenbHuxop**,
. AJLKypanoB**

* @edepanvroe 2ocyoapcmeennoe ynumaproe npednpusmue Llenmpanvublii HayyHo-
UCCAe006amenbCKUll UHCIMUMYm KOHCMPYKYUOHHBIX Mamepuanog “IIpomemeii”,
Canxm-Ilemepbype
**0AO «HHIITC» XK «Jlenuney», Canxm-Ilemep6ypz

Texnonoruss mony4eHus BBICOKOMOPHUCTOrO KATaTHTHYECKOrO HOCHTENSA i IapoBOi
KOHBEPCHH TOIUIMBA 3aKIIIOYAECTCS B HAHECCHUH IOPOLUKOBOM KOMITO3MIIMH, COCTOSIIEH W3
aTIOMHHHS, THAPOKCHAA aiIOMHHHMS M IPOMOTHPYIOUIMX H00aBOK Ha METAIHYECKYIO
nomwnoxKy. Cnoxunele MeTamn-okcuasple cucteMsl Al/Ni/Cr/EP3M, umeromune amopduyo u
MHKPOKPHCTAIIHYECKYIO CTPYKTYPY, IpPOSIBISIOT BBICOKYIO KaTaIMTHYECKYIO aKTHBHOCTH B
peaKMAX KaTaIUTHYECKOTO OKMCIIEHHs MeTaHa. KartanuTuyeckas aKTHBHOCTE aMOp(HBIX
CIJIaBOB H3MEHSETCA B LIMPOKHX INpefesiax, 3aBHCUT OT MX XMMHYECKOrO COCTaBa M 4acTo
YCHIIMBAETCs MpU 61aronpHaTHOM JIETHPOBAHWM M aKTHBAIMM NoBepxHocTH. Hampumep, ms
MOBBILIEHHS 3p(EKTUBHOCTH aMOpP(HBIX KaTaM3aTOPOB  CHCTEMBI  HHKENb-ATFOMHHHIA
IPOU3BOAMIM XOJIOAHOE TIa30JMHAMHYECKOE HAIBUICHHE CMECH HUKENs W COeQMHEHHH
aIIOMUHHUS M XHMUYECKOE pacTBOpeHHe amoMuHHs B pactBope KOH, uro mpuBommno k
YBEMUCHUIO LIEPOXOBATOCTH W 0OWIeH IUIOManM MoBepXHOCTH. I[lpakTHyeckuit HMHTepec
NPEACTaB/SET BBEACHHE B KATAINTHYECKYIO KOMITO3MLMIO Ppa3fMMYHBIX NOpPOOoOpasyrommx
COCIMHEHHH, M, KaK CJIEJICTBHE, YBEAMYEHHE YIENbHOW IOBEPXHOCTH M KaTATHTHYECKOM
aKTHBHOCTH 00pa3LoB.

WU306eiTouHas 3HEpruss aMopGHOro COCTOSHHS METAIMYECKHX CIUIABOB IO CPABHEHHIO C
KPHCTaJUTHYECKHM COCTOSIHHEM IIpeIoNpenessieT MOBBIIICHHYIO KaTaTMTHUECKYIO aKTHBHOCTD
aMOpQHBIX CHaBOB B psle TpoleccoB oOkucaeHus. Ilpupoma akTHBHBIX ILEHTPOB Ha
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IIOBEPXHOCTH aMOp(HBIX CIIaBOB €lle OXHO3HAYHO He ycraHoBieHa. [Ipeamonaraercs, yro
AKTHUBHBIE LIEHTPBI KPACTAJUTNYECKUX H aMOP(HBIX KaTaTM3aTOPOB HACHTHYHEL, TaK KaK SHEPTus
aktuBauuy pacuermenus cBsa3u C-O cocrasaser 1004 x/x/Monb, HE3aBHCHMO OT COCTaBa
CILIaBa U €r0 COCTOSIHUS (KPUCTALIHYECKOE, aMOP(PHO-KpHCTALIHYECKOE, aMOpQHOE).

B BHAy OTCYTCTBHSA CHUCTEMATHYECKUX MCCIACIOBAHMH BIHSHUS H3MEHEHHH HMCXOAHOU
aMOp(HOM CTPYKTYphl Ha aKTHBHOCTh, HAMH pacCMOTpEHa aKTHBHOCTH KPUCTA/UTHYECKUX H
aMOp(QHEIX KaTaIu3aTOpOB ONHOI M TOM )K€ CHCTEMBI, HOJYyYEHHBIX Pa3lHYHBIME METONaMH,
HOKa3aHa MEPCHEeKTHBHOCTh HKCIONB30BAHUSA KOMOMHUPOBAaHHBIX METOJOB HaHECEHHS
(GYHKIHOHABHBIX IMOKPBITHH KaTaIUTHYECKOTO Kiaacca. OnTUMM3anus XHMHUYECKOTO COCTaBa U
crabunuzanus aMOpHOro COCTOSHUSI HO3BOJAT HAauOOlee IOJNHO HCIOIb30BATh BBICOKYIO
IOTHOCTh AKTHBHBIX HEHTPOB, OONBIIYIO YAETBHYIO HOBEPXHOCTH aMOPQHBEIX CILIABOB, HX
3HAYUTENBHYIO NPOYHOCTh U BA3KOCTh VIS PEryJHpOBAHUSA KaTAIMTHYECKOH AKTHBHOCTH U
TEMIONPOBOAHOCTH IUIAaHAPHBIX KATaIU3aTOPOB.

2. DEVELOPMENT AND INVESTIGATION OF CATALYTIC N-MATERIALS WITH
AMORPHOUS AND MICROCRYSTALLINE STRUCTURES FOR STEAM
HYDROCARBON CONVERSION

Farmakovsky, B.V*., Vinogradova, T.S*., Korabelnikov, A.V**,, Kuranov, A.L**,
¥ “Prometheus” Federal State Unitary Enterprise (FGUP) TsNII KM, St. Petersburg
*¥ Hypersonic Systems Research Institute of the Leninetz Holding Company,

St. Petersburg

Production technique for highly porous catalytic carrier required for steam fuel conversion
is in application of powder composition consisting of aluminum, aluminum hydrate and
promoting additives onto metallic substrate. Complex metal-oxide systems AI/Ni/Cr/ZREM with
amorphous and microcrystalline structures display high catalytic activity in the reactions of
methane catalytic oxidation. Catalytic activity of amorphous alloys can vary in a wide range
depending on their chemical composition and tend to frequently increase with favorable alloying
and surface activation. For example, in order to increase efficiency of amorphous catalysts of Ni-
Al system, cold gasdynamic spraying of nickel and aluminum compounds mixture has been
performed followed by chemical dissolution of aluminum in KOH solution, the result being
increase in surface roughness and its total area. Of a practical interest is introduction into
catalytic composition of various pore-forming compounds and, as a consequence, increase of
specific surface and the samples catalytic activity.

Excessive energy of metallic alloys amorphous state as compared to crystalline state pre-
determines high catalytic activity of the amorphous alloys in a number of oxidation processes.
The nature of active centers on the amorphous alloys surface has not been established for a
certainty as yet. It is suggested that active centers of crystalline and amorphous catalysts are
identical as activation energy of C-O bond cleavage makes 100+ KJ/mol irrespective of the alloy
composition and its state (crystalline, amorphous-crystalline, amorphous).

Due to the lack of systematic investigations on the effect of the initial amorphous structure
variations upon activity we have considered activity of crystalline and amorphous catalysts of the
same system that were obtained by different techniques and indicated the prospects of using
combined methods of functional catalytic coating. Optimization of chemical composition and
stabilization of amorphous state would allow usage to the fullest degree possible of the high
density of active centers, large specific surface of amorphous alloys, their significant strength
and viscosity required for control of catalytic activity and heat conductivity of planar catalysts.
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3. CYCIIEH3UOHHBIN METOJ CHHTE3A KATAJIU3ATOPOB ITAPOBOI1
KOHBEPCHMU YIVIEBOJOPOJOB

E.A.Bnacos, A.}O.ITloctHoB, H.B.Mannuesa, A.H.Ilpokonenko
Canxm-Ilemepbypzckuil 20cy0apcmeeHHblll MeXHON02UYECKUT UHCMUMYm
(Texnuuecxuil ynugepcumem)

Peiraemast B Hactosiee BpeMs 3ajaya CO3aHHS SHEPreTHYECKHX YCTAaHOBOK Mano
€IMHUYHOH MOIIHOCTH, paboTaIOMUX Ha pa3IYHOM YIJIEBOIXOPOIHOM CHIpbE, MO PANY NMPUYMH
He TO3BOJIET UCHOJIB30BaTh CYIIECTBYIOLIHE KaTajlHM3aTophl KOHBEPCHH. BHOBB co3maBaeMble
KaTATUTHYECKH aKTHBHBIE KOMIIO3HTHI IOJDKHBI 00JIafaTh PAIOM YHHKAJIBHBIX XapaKTEPUCTHK H,
B IIEPBYIO ouepesib, 00eCeunBaTh BHICOKYIO aKTHBHOCTBIO B IIMPOKOM HHTEpBAJie TEMIIEpaTyp
IIp1 KOHBEPCUH KHAKHUX H ra3000pa3HbIX YriaeBonopooB. OMbIT 3KCIUTyaTaluy KaTalH3aTopoB
HAHECEHHOTO THIIA, MONYYEHHBIX ¢ MPUMEHEHHEM pa3JM4YHbIX HaHOTEXHOJOTHH, IOKa3bIBaceT,
4TO OCHOBHas Mpobiema 3aKiIovaeTcs He B BHIOOpe KaTaTMTHYECKH aKTHBHOM KOMITO3UIIMH, a B
3aKpeICHUH KOMIIO3UTa Ha IMOBEPXHOCTH METALIMYecKoro Hocutens. OCHOBHas NpUYHHA
CHH)KCHHS aKTHBHOCTH TaKHX KaTalu3aTopoB 0OYCIIOBIE€Ha pa3pyIIEHHEM CJIOS aKTHBHOIO
KOMIIOHEHTa [M0J BO3ACHCTBUEM OKHCIHTENBHOM CpeAbl M BBICOKOH TeMIIEpaTyphl, 4TO
00BACHACTCS pa3sNMYHBIMM KOI(QQHIHEHTaAMH TEMIIEPaTypPHOTO pPacIIMpeHHs IIOAJIOKKH H
HaHec€HHOro koMnosuta. [Iporpecc B peuieHHH AaHHOH MpPOGIEMBI MOXET OBITH HOCTUTHYT
IpH HCIOJB30BAHHM KaTaIW3aTOPOB C BTOPUYHBIM HOCHTETEM, KOTODBIH BBIMONHSAET pOJb
nemiidepa MexAy METALTHYECKOH OCHOBO! M aKTHBHBIM KOMITOHEHTOM.

TexHonorus co3gaHus KaTalu3aTtopa METOIOM CYCTIEH3HOHHOTO HAHECEHHS BKIIIOYAET B
cebs TpU OCHOBHBIE CTAJIUHU:

1. HonroroBka M axkTUBALHS METAIMYECKOrO HOCHTENS - FOQPHPOBAHHOH JIEHTHI M3

crnasa X15105.

2. HaneceHue CyCHeH3WM BTOPHYHOI'O HOCHTEJIS, NPHUTOTOBJIEHHON METONOM MeXaHo-
XUMHYeCKOM aKTHBAalMM H mocienyiouias TepMoobpabotka. OCHOBY CycneH3Hu
COCTaBIIIOT . pa3iMyHBIe Moau(pHKaLHH OKcHJia aNIOMHHHUA c
TEPMOCTaOMIIU3HPYIOIHMHE H CTPYKTYpooOpa3yroluMu 100aBKaMH.

3. BaeneHue HHKeNbCOIEPXKAILETO COENMHEHUS B TepM0oOpaboTKa kaTanu3aTopa.

JU11 ONTHMHU3ALUH CTPYKTYPB! U MPOYHOCTHBIX XapaKTEPHCTHK KOMIIO3UTa, COCTOSIIETO

M3 MEPBHYHOTO M BTOPHYHOIO HOCHTENEH, NMpOBENEHBl HCCIENOBAHHUS, KOTOPBIE IO3BOJHIIM
YCTaHOBHTb KOPPEALUHIO MEXIY PEOOrMYECKHMMH MOKa3aTelIIMH CYCIEH3MH BTOPHYHOIO
HOCHTEN H XapaKTEPHCTHKaMM CHHTE3UPOBAaHHBIX KOMIO3UTOB. OnpeneneHsl MHHHUMAJIbHBIE
3HaYEHHs BEIMYMHBl CABHUTAIOIIErO HANpPSOKEHHs, NPHU KOTOPHIX TapaHTHPYETCS HaWIydIlee
KOHTaKTHPOBAaHHE PAa3KMKEHHOH CYCNEH3MH M aKTHBUPOBAHHON MOBEPXHOCTH IIEPBHYHOTO
HocuTeld. PeHTreHo(a30BbIM aHANHM30M YCTaHOBIEHO, 4YTO TpeOyeMmble IIPOYHOCTHBIE
XapaKTEPUCTHKH KOMIIO3UTOB OINPEAETIAIOTCS XUMHYECKHUM B3auMOAEHCTBHEM COCTAaBIIAIOIIMX
NEPBHYHOTO ¥ BTOPHYHOT'O HOCHTENEH.

OnpenesneHpl NOKa3aTeNIM aKTHBHOCTH CHHTE3UPOBAHHBIX KATaTM3aTOPOB B 3aBUCHMOCTH
OT COCTaBa BTOPHYHOIO HOCHTENA M YCJOBHH HaHECEHHS M TepMOO0OpabOTKH CyCHeH3Hit.
YCTaHOBNEHO, YTO HCHONB30BAHHE pa3pabOTaHHBIX KaTalH3aTopoB MO3BOJSET ObecrneunBaTh
CTENEeHb KOHBEPCHH MeTaHa Ha ypoBHe 80-90% 0T paBHOBECHOTO 3HAYEHHS.

3. SUSPENSION SYNTHESIS TECHNIQUE FOR CATALYSTS OF STEAM
HYDROCARBON CONVERSION

Vlasov Ye.A., Postnov A.Yu., Maltseva N.V., Prokopenko A.N.
St. Petersburg state technological institute (Engineering University)

The problem of production for low unit power energy systems operating on various
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hydrocarbon feedstock, presently under solution, for a number of reasons does not allow
utilization of the existing conversion catalysts. Newly created catalytically active composites
should possess many unique properties and, first of all, they are to ensure high activity in a wide
temperature range at the conversion of liquid and gaseous hydrocarbons. Operating experience of
the supported catalysts obtained by various n-technologies indicates that principal problem is not
only one of catalytically active composition selection. It is mostly of a composite fixation on the
surface of metallic carrier. The major cause of activity degradation for such catalysts is due to
the active component layer destruction under high temperature and oxidizing medium because of
different coefficients of thermal expansion for substratum and composite applied. Much progress
toward the solution of this problem can be achieved by using catalysts with secondary carrier
which serves as damper between metallic substrate and active component. Catalyst processing
technique by suspension application consists of three basic stages:

1. Preparation and activation of metallic carrier — corrugated tape made of the alloy
X15H05.

2. Suspension of the second carrier application prepared by mechanochemical activation
and subsequent thermal treatment. Various modifications of alumina (ALO;) with
thermal stabilizing and structure-forming additives lie at the base of the suspension.

3. Introduction of nickeliferous compound and catalyst thermal treatment.

In order to optimize structure and strength characteristics of the composite consisting of the
primary and secondary carriers, a number of investigations have been conducted which allowed
establishment of correlation between rheological indices of suspensions for the secondary carrier
and characteristics of synthesized composites. Minimal values of shift stress are identified under
which the best quality of contact of liquefied suspension and activated surface of the primary
carrier is guaranteed. It was established through X-ray phase analysis, that the required strength
characteristics of composites are determined by chemical interaction for the components of the
primary and secondary carriers. Activity indexes of synthesized catalysts depending on
composition of thé¢ secondary carrier as well as on suspension application and thermal treatment
conditions have also been defined. It was found that usage of the developed catalysts allows
ensuring of methane conversion degree at a level of 80-90 % of equilibrium value.

4. IVIABMO-XUMHUYECKASA KOHBEPCHSA YI'JIEBOJAOPOAHOI'O TOILINBA B
CKOPOCTHOM IIOTOKE

C. Jleonos, JI. SIpanien
HUBTAH Mockea
A. HanaproBuy, U. Koueron
TPHHHUTH, Mocksa

Hannas paboTa nocpsmeHa npobieMe yiydIeHns mpolecca BEHICOKOCKOPOCTHOTO FOPEHHS.
Wcnomne3oBaBue TpaJMIHOHHOIO aBHAIOHHOTO TOIUMBA B rasorypbunuom (TPJI) u, Tem Gonee,
npsmotoyrom asurarene (I'TIBPJ]) orpasudeHo ciavIinkoM OONBIINM BpEMEHEM HHHIHMAIU
HOKHra W MPOXOXKIEHUA PEaKUH TOPEeHUS B TEXHHYECKH IPHEMJIEMBIX YCIOBUSX. OmHUM M3
paspabaTeiBacMbIX CTOCOOOB YCKOPEHHS XHUMMUYECKHMX peaKiif SBISeTCs peobpasoBaHue
(xonBepcus) TomnuBa. CpeiM U3BECTHBIX METOIOB KOHBEPCHH TOILIMBA CaMbIM MHOTOOOELIAIOLIHM,
BO3MOXHO, SIBIIETCA IUIa3MEHHBIM MeTon. TeM He MeHee, BIUIOTH JIO HACTOSIIETO BPEMEHH He
OBLIO NPOBEAECHO HH IIOJHOTO AHANHUTHYECKOTO PAaCCMOTPEHMS, HH 3KCIEPHMEHTANBLHOM
JEMOHCTpAlUK IpeoOpa3oBaHus TSHKENIOro YIIEBOJOPOJHOrO TOILIMBA C MOMOIIBIO ILIa3MBI
3JIETPUYECKOTO pa3ps/a.

Wnes 'nmnasmo-MHIYIMpPOBAaHHOTO TOPEHUS" CONEPXXKHT HECKONLKO BaXKHBIX YacTeil:
TMJIa3MEHHBIA TMOKUI IOCPEACTBOM XHMMHYECKOH aKTMBAIMH OKHCIMTENI M TOIUIMBA, TOPEHHE
OemHBIX cMeced, MHTeHCH(HKAUMA CMEIIeHHs, cTabuinsanus (GpoHTa IJIaMeHH, yBEIHYEeHHE
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HOJIHOTEI cropanus ¥ T.4. [1-3]. Ota paboTta nocesuiieHa HHTEHCHGHKAILMH TOPEHHUS C TIOMOLIBIO
npeobpa3zoBanus Tormaa [4-7].

M3BecTHO HECKOJBKO METONOB INpeoOpa3oBaHMs YTJIIEBOJOPOAHOrO TOILUIMBA, TaKHE Kak:
6apboTax, 06paboTka yIBTPa3BYKOM, HACBHIHECHHE BOAOPONOM, aKTHBalus HOOABKaMH, TEPMO-
XUMHYecKas KoHBepcHs. Hekotopele M3 HMX ObUTH mpoTecTHpOBaHbI 6osiee-MeHee YCHEUIHO.
BOJBIIMHCTBO M3 HUX OCHOBaHBI Ha pa3pyIUeHHH TSDKENBIX MOJIEKYT HW/HAH BBICBOOOXAEHUH
Bonopona. ['ny6oko npeobpa3oBaHHOE YII€BOJOPOAHOE TOILTHBO OONafaeT He TONBKO ropasiao
Gonee HHU3KMM BpEMEHEM HHIOYKIMH, HO H ©onee BBICOKOH 3(Q(PEKTHBHOCTBIO B
TEPMOAMHAMUYECKOM LHKJIe ¢ ropeHueM (6ojiee MONMHOE HCHONb30BaHHE 3kcepruu). Kax
NpaBHJIO, PaBHOBECHOE MpeoOpa3oBaHHe TOILIMBa He maér Gospiuoro BemMrpsmna. IIpuMenenue
BBICOKO-NOTEHIHATBHONH MOIHOCTH M HEPABHOBECHBIX IPOLIECCOB MOXET MPHBOIUTEL K IeHEpalluy
Oonblreit nom BO3OYXIAEHHBIX PaJMKAIOB M aKTHBHBIX MOJIEKYN C MEHBIUEH CpefHeH MaccoH.
OnHUM M3 TaKMX METOZOB ABJIiETCS IUTa3MEHHOE NpeoOpa3oBaHHe TOIIMBA, Npe/UIaraéMoe B 3TOH
paborte.

Mexanu3Mbel  mpeoOpa3oBaHHs  YIJIEBOJOPOIHOTO g U
TOILIMBA NIEKTPHYECKUMH pa3psaMH B BBICOKOCKOPOCTHOM OAYX . Kepoow
IOTOKe MOTYT OBITH IEPEYHCIIEHBI CIEAYIOIHMM 00pasoM:
ObICTpBI JIOKAIGHBIH HAarpes cpeasl OO0 BBICOKOH
(T>>2kK) temmepatypsl; cnenuduyeckue XHMHYECKHE
peakuuu ¢ HEepaBHOBECHO BO30OYXAEHHBIM BO3OyXoM (B
OCHOBHOM, € aTOMapHBIM KHCJIOPDOAOM H OKCHIAaMH a30Ta);
BO30y)XAeHHE, HOHM3alMsd M JHCCOUMalMs  MOJIEKYI
9NEKTPOHHBIM ynapoM; (oTo-auccolManyst U HOHH3ALMS;
aKTuBalMs cpeasl ¢ [OMOINBIO  YAApHBIX  BOJH,
TEHEpHpYEeMbIX  HMIIyAbCHBIM  HWJIM  HECTalMOHAPHBIM _ ,
9JEKTPUYECKUM pa3psioM. YIpOIIeHas cxeMa Ipoiecca (' Yhoxemaiiun 8 Asurarent '
IUTa3MEHHO} KOHBEPCHH NOKa3aHa Ha PUCYHKE. ‘ '

B  palote  omUCHIBAIOTCA pe3yNbTATHl PacyeTHO-TCOPETHYECKOTO  aHalu3a M
3KCIIEPHUMEHTANbHAS IEMOHCTpalUs 3¢ ¢eKTa HEPaBHOBECHOM KOHBEPCHH ITHIIEHA M KEPOCHHA B
notoke. Cpeiu MepBeIX OTMETUM

CHEQYIOIME: aHATH3 TEPMOJHHAMHYECKOTO LUKIA, pacuéTHBIN aHaM3 M1a3MO-XUMHYECKUX
NPOLIECCOB, MOJETUPOBAHHE NOXKUra MOIMGHIMPOBAHHOIO TOILUTMBAa Ha Oase pemylipoBaHHOIO
TEPMO-XUMHYECKOT0 KO/1a, MOAETMPOBAHHE ONITUYECKHX CIIEKTPOB.

OKcriepHMEHTaNbHAs YCTaHOBKAa pa3paboTaHa Ha OCHOBE OIBITAa IKCILTyaTalMH
BO3/JyIIHO-KEPOCHHOBOTO IUIa3MEHHOTO IeHepaTopa. XapakTepHCTHKH IIIa3MEHHOTO reHeparopa
1o 1peobpa3oBaHHIO TOIUIMBA HMCCIEAOBAHBI B 3aBUCUMOCTH OT PEXHMOB pabOTHl U TECTOBBIX
napamerpoB. VI3MepeHBl BpeMs MHOYKIMH (@BTOMOMKHIT B CMECH C  BO3IYXOM)
MOAH(HIMPOBAHHOIO TOIIUBA M MPOBEAEHO CPaBHEHHE €ro C IPEBOHAYANIbHOM BEMYHMHON NpH
ToM Xe TeMneparype. IIpoBefieH yNpoIneHHBIA XUMHYECKHH aHalIM3 IPOAYKTOB IUIa3MEHHOH
KOHBEPCHH.
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4. PLASMA-CHEMICAL REFORMING OF HYDROCARBON FUEL INFLOW

S. Leonov, D. Yarantsev |
IVTAN, Moscow
A. Napartovich, I. Kochetov
TRINITI, Moscow

The work is aimed an enhancement of high-speed combustion process. Utilizing of
conventional avionic fuel in scramjet is limited by too long time for ignition and combustion under
technically reasonable conditions. One of contrived ways is the fuel reforming. Among known
methods of fuel reforming and modification a plasma method, probably, is the most promising.
However up to now there was no neither complete analytical considering nor experimental
demonstration of heavy hydrocarbon fuel reforming by means of plasma of electrical discharge.

Well known idea of the "plasma-assisted combustion” contains several important domains:
plasma-induced ignition due to chemical activation of oxidant and fuel, combustion of lean
mixtures, mixing intensification, flame-holding, completeness enhancement, etc. [1-3]. This work
is devoted to problem of combustion intensification due to fuel reforming [4-7]. ,

Several methods of hydrocarbon fuel modification and reforming are known: barbotage, ultra-
sonic treatment, saturation by hydrogen, activation by additives, thermo-chemical conversion. Some
of them are tested more-less successfully. The most of them are based on heavy molecules breakage
and/or hydrogen .release. A deeply converted hydrocarbon fuel possesses not only much lower
induction time but also more effective potential in thermodynamic combustion cycle (more
complete exergy utilization). As a rule the equilibrium transformation of the fuel doesn't give a
large benefit. Utilizing of high-potential (high-density) power deposition could lead to generation
of bigger share of excited radicals and low-mass active molecules. One of such methods is a
plasma's reforming of the fuel, proposed for this work.

The mechanisms of the plasma reforming of the

hydrocarbon fuel by electrical discharges in high-speed
flow can be considered and listed as following: fast local
superheating of the considered and listed as following:
fast local superheating of the medium; specific
chemical reactions with highly excited air (atomic
oxygen and nitrogen oxides, mainly); molecules' strong
excitation, ionization and dissociation by electron impact;
photo dissociation and ionization; medium activation due
to shock waves generated by pulse or unsteady electric
discharge. A simplified scheme of plasma reforming
processes is shown in the figure. The work considers
[ Tnjection to engine ) theoretical analysis and experimental demonstration of
the effect of nonequilibrium conversion of ethylene and
kerosene in flow. In the first field are the following ones:
thermal cycling analysis, computational analysis of plasma-chemical processes, simulation of
modified fuel ignition on base of reduced thermo-chemical code, optical spectrum simulation.
The experimental facility is designed and assembled on the base of experience in exploiting
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of the kerosene-air plasma generator. A performance of plasma generator to fuel reforming is
being studied in dependence on operation modes and test parameters. The induction time of self-
ignition at mixing with air of modified fuel is measured and compared with initial value under the
same temperature. A simplified chemical analysis of products is fulfilled.
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5. YICJIEHHOE MOJAEJIUPOBAHUE IIVIOCKOT' O TXP C IBYMSI CTEHKAMH
KOHEYHOH TOJIINUHbI

A.B. Kopa6eabHukos, A.JI. KypaHnos, A.B. ®eaoroB
OAQ «HHIII C» XK «Jlenuneyy, Canxkm-Ilemepbype

TermoBast 3amuTa TEIUIOHANPSHKEHHBIX YacTel THIIEp3BYKOBOTO JIETATEJILHOI'O arapara
(TJIA), muxymierocst B INIOTHBIX CJIOSX atMoc(ephl ¢ MHIep3BYKOBOH CKOPOCTHIO, SBJISETCS B
Hacrosulee BpeMs onHo# u3 Haumbonee akTyansHbIX 3anay. B I'JIA nmo koHuenuum «Askc»
npeanonaraeTcs, Yro B Haubosee TeIUIOHANpS)KEHHBIX YacTax IUlaHepa W JIBUTaTels
pasMeIaoTCs KaTaJUTHYecKue TepMoxumudeckue peaktopel (TXP), B KoTopeix OyayT
OCYIIECTBIATECA OJHAOTEPMHYECKHE MPOLECCHl Ppa3oXEHHs HCXOTHOTO YIJIEBOTOPOZHOTO
TOIUTHBA, B YaCTHOCTH, MAapOBas KOHBEPCHS METaHa U €ro XXUIKHUX TOMOJIOTOB.

B Hacrosme#t pabote mpoBeneHO 4YMCIEHHOE HccienoBaHue Imiockoro TXP ¢ yuyetom
CONpPSKEHHOTO TeIU1ooOMeHa MeXJIy CT€HKaMH KOHEYHOH TOJIIMHBI M Ta30BOH CMEChIO B
HIpOTOYHOH 4acTH peakTopa. OmucaHa 3ajgaya O TEUEHHHM XHMHUYECKHM pearvpyrollei cMecH B
TXP n nocraBneHa 3agada TemaonpoBogHocTH B creHkax TXP ¢ kosdduuuentom
TETIONPOBOAHOCTH, 3aBUCAUIMM OT TemIepatypbl. Ha ocHOBe pa3paboTaHHEIX aJrOpPHTMOB H
IpOrpaMM OCYIIECTBJIEHB! MHOrOMIapaMeTpHYecKHe YHCIIEHHbIE UCCIIEN0BaHUS 3P (EKTHBHOCTH
pabots! TXP. TlokazaHo, 4TO y4eT COnpsHKeHHOro TeroobMeHa CHIaeT xapaktepuctuku TXP
[0 YTHJIM3aLMH TEMJIOBOTO IIOTOKa B paccuMTaHHOH KoHGHrypauuu peaktopa Ha 20%.
JletalbHOE paccMOTpEeHHE 3aBHCHMOCTH IIPOLECCOB TeIIooOMEHa OT  BEJIMYMHBI BXOAHOH
teMneparypsl B TXP mo3Bonmio caenats BbIBOA, 4TO raszopas cMmech ¢ Ty = 400°C cnocobra
morjoiars 60JIbIIHE TEIIOBBIE NOTOKH, a cMeCh C Tax = 700°C obecneuynBaeTr Ha Bexoae TXP
OoNbILYIO ' BEJIMYMHY MOJIBHBIX KOHIEHTpalui Bojopona M OKUCH yriepoja. Heobxoxumo
OTMEeTHTh, uTo MIockuit TXP MoxeT cnyXuth 3QPEeKTHBHBIM YCTPOHCTBOM AJS OXJIaXICHHS
TEMJOHANPS)KCHHBIX OBEPXHOCTEH M obecneunBaTh Ha BBIXOAE H3 HEMO0  MOJIBHYIO
KoHueHTpauuio Bogopoza 0,4 — 0,5.
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5. NUMERICAL MODELING OF PLANAR TCR WITH TWO WALLS OF THE FINITE»
THICKNESS '

Korabelnikov A.V., Kuranov A.L., Fedotov A.V.
Hypersonic Systems Research Institute of the Leninetz Holding Company,
St. Petersburg

Thermal protection of the heat-stressed parts of a hypersonic flight vehicle (HFV) moving
in the dense atmosphere with hypersonic velocity is at present one of the most pressing
problems. In the HFV under Ajax concept it is assumed that in the most heat-stressed parts of
airframe and engine, catalytic thermochemical reactors (TCR) are placed wherein endothermic
processes of the initial hydrocarbon fuel decomposition will be realized, and particularly, steam
methane reforming as well as its liquid homologues conversion.

In this paper numerical investigation of a planar TCR has been carried out with
consideration for conjugate heat exchange between the walls of the finite thickness and gas
mixture in the flow part of the reactor. The problem on the reactant mixture flow in TCR is
described and the problem on heat conduction in TCR’ walls with thermal conductivity
coefficient depending on temperature is stated. On basis of algorithms and programs developed,
multi-parametrical numerical investigations of TCR operational efficiency have been performed.
It was shown that conjugate heat exchange decreases TCR capacity for utilization of heat flux in
design TCR configuration by 20 %. Further consideration of heat exchange process
dependencies on the quantity of TCR input temperature allowed to draw a conclusion that gas
mixture at Tj, = 400° C is capable of absorbing large heat fluxes and the mixture at T;, = 700° C
ensures high mole concentration of hydrogen and carbon oxide at the TCR’ outlet. It is worth
mentioning that a planar TCR may prove to be very efficient device for cooling of heat-stressed
surfaces and ensuring hydrogen mole concentration within 0.4 — 0.5 range at the reactor’s outlet.

6. PAC‘IETI;II)II‘/'I AHAJIA3 XAPAKTEPUCTHK BBICOKOCKOPOCTHOM
NPIMOTOYHOM JIBYXPEXXUMHOM KAMEPBI CTOPAHUS, PABOTAIOLIEN HA
YIJAEBOJOPOJHOM TOILIMBE B PEXKUME KHCJIOPOJHOM KOHBEPCHU

E.A. Memepsixos, A.®. Yesarnu, B.I1. Ctapyxuu
LJAT'H, Mockea

PazpaboTan KBa3sHMOZHOMEpHBI METOA pacyeTa TEYEHHS B  BBICOKOCKOPOCTHOIM
IPSMOTOYHOH IBYXPEXHUMHOM KaMepe CropaHus U MPOBEACHBI PaCcYeThl TATOBO-9KOHOMHYECKUX
xapaktepuctuk (TOX) meurarens, pabotaromiero Ha KepocuHe ¢ Ko3(puUHEeHTOM H30BITKA
OKHCITUTENS O=], B IMHPOKOM JHMAaNa3oHe Ha4albHBIX M HONETHBIX uHcel M, (M, ya=3+6;
M,=3+12). Meron oOcHOBaH Ha 4YMCIEHHOM HWHTEIPUPOBAHMM YPaBHEHHH COXDAaHEHHUS B
COYETaHUH C MPOIEAYpOH IMoOANBHBIX HTEpalHi, C YIE€TOM KOHEYHBIX CKOPOCTEM XMMHYECKHX
peakuui, TPEHUs U TeIIOOTBO/Ia HA CTEHKAX KaHaua.

I[Ipoananu3upoBaHbl BO3MOXHOCTH (OPCUPOBAHUS TATU ABYXPEKMMHOTO IBUraTeNs ¢
IIOMOINBIO  NOIONHUTENBHOM IOJaYM KHUCIOpoJa B KaMepy CropaHHS B peXume
NIPEBAPUTENILHOM KEpOCHHO-KHCIOPOAHOH KOHBEPCHM B ABTOHOMHOM rasoreseparope (c
an<<l) u npu npaMoM BAIyBe Kucnopoda B Kamepy. Kucnoponnoe dopcuposanue pabGoTsl
JBUTaTens 3HauMTenbHO (B 1,65+2 pasa) moBblmaer Kod()QHULIMEHT TATH JBHUTaTeNs IpH
OJHOBPEMEHHOM CHHXCHHH €r0 YJEJIBHOIO HMITynbca. DopcupoBaHye TATH IeNecoo0pa3Ho Ha
cTanuu pasroHa JIA u BBIBOJIa €r0 Ha Maplil.

HpensaputenbHas KHCIOPOAHAS KOHBEPCHSI KEPOCHHA IMO3BOJISET 3aMETHO PaCIIUpPHTH
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npeensl CaMOBOCIUIAMEHEHHS TOPIOYEH CMECH B KaMepe CropaHHs B CTOPOHY MEHBIIHX YHCEIN
M, Brtots no M,=4 u, TeM caMbIM, 00JI€rYUTE NpoLecC MHIOTHPOBAHUA FOPEeHHs NpH Hauboee
TPYJIHBIX CTAPTOBBIX YCJIOBHSX. '

Pa6ora BemonHeHa nIpy puHaHcoBOH noxanepxke POOU, npoext 06-01-00318.

6. COMPUTATIONAL ANALYSIS OF THE CHARACTERISTICS OF A HIGH-SPEED
STRAIGHT FLOW TWO-MODE COMBUSTION CHAMBER OPERATING ON
HYDROCARBON FUEL IN THE OXYGEN CONVERSION REGIME

Meshcheryakov Ye.A., Chevagin A.F., Starukhin V.P.
TSAGI, Moscow ‘

A quasi-one-dimensional method has been developed for predicting flow in a high-speed
straight-flow combustion chamber and computations have been caried out of an engine operating
on kerosene with an excess-oxidizer coefficient of a=1 mixture a wide range of initial and cruise
Mach numbers (Mjp=3...6, Mnise=3...12). The method is based on numerical integration
equations in combination with a procedure of global iteration with regard to the finite rates of
chemical reactions, friction and heat removal at the channel walls.

The fusibilities have been analyzed of thrust augmentation of a two-mode engine with the
help of additional injection chamber in the regime of preliminary kerosene-oxygen conversion in
an autonomous gas-generator (with a<<1) and through direct injection of oxygen into the
chamber. The oxygen-aided augmentation of the engine significantly increases the thrust
coefficient (by a factor of 1,65...2) and simultaneously decreases its specific impulse. Thrust
augmentation is advantageous during acceleration of the aircraft and its transition to the cruise
regime. _

The preliminary kerosene-oxygen conversion allows one to significantly enlarge the
limits of self-ignition of the combustible mixture in the combustion chamber towards lower
Mach number up to My=4 and thereby to simplify the process of combustion piloting at the most
difficult star conditions. .

This work has been carried out under RFFI financial support, Project N06-01-00318a.

7. ACCJIEJOBAHHUE PABOYEI'O IPOECCA B BBICOKOCKOPOCTHOM
HPAAMOTOYHOU KAMEPE CI'OPAHUSA C TEPMOXUMUYECKON
IIOAI'OTOBKOH XXUIAKOT'O YIVIEBOJAOPOAHOI' O TOIVIMBA

Boaomenxo O.B., 3ocumon C.A., Huxonaes A.A., Octpacs B.H., Cepmanor B.H.,
Yeparun A.D.
I[AT'H, Mockea

[IpoBeneHo 3KCIIEpUMEHTANBHOE HCCIEAOBaHHe pabouero mporecca B MOJAENBHOM
crynenyato kamepe cropanus (KC) c mpeaBapuTenbHOH TepMOXHMHYECKOH IOArOTOBKOH
TOIUIHBA B aBTOHOMHOM peakTope, paboTaroleM Ha KEpOCHHE U BO3ZyXe.

Kamepa cropanus uMerna Iockoit kaHan ¢ miomanpio Bxona 30x100 MM, cocrosmuii u3
JABYX IIOCJIEJOBAaTENbHO PAaCIIONIOXEHHBIX APYr 3a JAPYrOM, COCAMHEHHBIX 4Ye€pe3 CTYNEHbKY,
Y4acTKOB.

B KC nonaBanuce MpoIyKThl TEPMOXHUMHYECKOH KOHBEPCHH KEPOCHHA C BO3AYXOM

U3 aBTOHOMHOTO peakTopa HOpMalbHO IOTOKY 4epe3 OTBEPCTHs, PAacIONOXKEHHBIE Ha
CTEHKE B KOHIIe IEPEAHET0 YYacTKa Nepe]l yCTYIIOM.

Pabounii mponecc B rasoreHeparope-peakTope OCYHIECTBISETCS MO JBYXCTYNEHYaTOH
cxeme. B mepBoit crymeHH 3a cYeT CXHraHus KEpOCHHa B BO3IyXe, IOJaBaeMbIX B
rasoreHepaTop, OCYIIECTBISETCS MNoAorpeB Bo3ayuHoro motoka no To=1500 K. Bo Bropoit
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cryneHu (peakTope) B BBICOKOTEMIIEPATYPHBIH TIa30BHIH IIOTOK, IMOCTYNAIOIMUH H3 NEpBOH
CTyIeHH, TOAaBajiCcs JONOMHHUTENsEHO KepocnH ¢ 0=0,1...0,4 wu ocymecTBIsIOCH
TEPMOXMMHYECKOE €r0 pa3jioxKeHHe Ha BEICOKOAKTHBHBIE ropiouue kommnoHeHTsl: Hy, CO, CHy u
ap. OTHOCHTENBHBIH BECOBOM pacXo]l BO3IyXa yepe3 ra3oreHeparop Mo OTHOLICHHUIO K PacXomdy
Bo3xyxa Ha BXxoge B KC cocrasnsn 7%.

HUccnenosanoch BIMSHHE Ha NPOTEKaHHE, XapaKTEPUCTUKH W 3PPEKTHBHOCTE paboyero
npouecca B KC ko3 dunmentor u3brTka Bo3ayxa B peakrope ¥ B KC, AuHbI yyacTka KaHana
F=const 3a ycTynom.

B pe3ynprare uccnenoBaHus MONY4EHO:

- npu noxaye B KC IpoayKTOB TEpMHYECKOIO pas3loXEHUs KEpOCHHa B BO3AyXe IpH
0=0,1...04 wu Temmeparype B rasorenepaTope 1=1200...1800 K mnpoucxomur ux
camoBociuiamereHue ¥ B KC ycranaBiuBaeTcs yCTORYMBBIN pEXXUM FOPEHHS,;

- TOpEHHE TIPOAYKTOB TEPMUYECKOrO pa3oXeHHUs] KEpOCHHA NIEPBOHAYAIBHO [IPOUCXOAUT
B KOHI[e IIepeHEro ydYacTKa KaHana B OOJNacTH IoJayd C TEIUIOBBIM 3anHpaHueM U
obpa3oBaHMEM IICEBIOCKAYKA BBIIIE IO IIOTOKY;

- B 3agHeM yvacTtke F=comnst npu o=1,5...2,5 IOpouUCXOAUT OOrOpaHHE C HOJHOTOH
croparns 0,8...0,9 u oOpa3oBaHHeM TEUYeHHs THIA NCEBAOCKAYKa, a MPH 0=3 peanu3yrTcs
CBEPX3BYKOBBIE PE)XXUMEBI TEYEHHS.

[IpoBeneHHBIE HCCIENOBaHMS ITOKa3aJId BO3MOXKHOCTh HCIOJIB30BaHUS . IPEABAPUTEILHOM
TEPMOXHMUYIECKOH MOATOTOBKH XKHJKOTO YIJIEBOJIOPOJHOIO TOIUTMBA B aBTOHOMHOM PEAKTOpe
IUIsL OpraHu3aliy BEICOK03(¢EKTHBHOrO pabodero Iporecca B kaMepe cropaHus, paboTtaromeit
IPH CBEPX3BYKOBOH CKOPOCTH M BBICOKOM SHTAIBIMK IIOTOKA Ha BXO/JIE.

Pabota BrimonneHa npu ¢puHaHcoBoi moanepxke POOU, npoekr 05-08-33604a.

7. INVESTIGATION OF THE WORKING PROCESS IN A HIGH-SPEED STRAIGHT-
FLOW COMBUSTION CHAMBER WITH THERMOCHEMICAL PREPARATION OF
HYDROCARBON FUEL.

Voloshchenko O.V., Zosimov S.A., Nikolaev A.A., Ostras.V.N., Sermanov V.N,,
Chevagin A.F.
TSAGI, Moscow

An experimental investigation of a working process has been performed in a subscale
stepped combustion chamber with a preliminary thermochemical preparation of fuel in a
autonomous reactor operation on kerosene and air.

The combustion chamber had a 2D channel with an inlet area of 30x100 mm; consisting
of two sections arranged one after another with step-like transition section. The combustion
chamber was fed by products of thermochemical conversion of kerosene and air from the
autonomous reactor normally to flow through holes located at the end of the section in front of
the step.

The working process in the gas-generator is realized in a two-stage way. In the first stage,
due to burning of kerosene in air being fed to the gas-generator of air flow is heated to
To=1500 K. In the second stage (reactor) the high-temperature gas flow from the first stage
received additionally kerosene with a=0,1...0,4 whose thermochemical decomposition was
performed there into combustible components: Hy, CO, CHy, etc. The relative air flow through
the gas-generator was 7% with respect to the air flow at the inlet of combustion chamber.

The influence has been studied of the air excess coefficients for the section with F=const
behind the step on the behavior, characteristics and effectiveness of the working process in the
combustion chamber.

The flowing main findings can been summarized below:

* when supplying to the combustion chamber the products of thermal decomposition of
kerosene in air at 0=0,1...0,4 and a temperature in the gas-generator within the range of




T=1200...1800 K, the self-ignition of the products takes place and a stabile combustion
process in the combustion chamber is established;

* the combustion of the products of kerosene thermal decomposition initially takes place at the
end of the forward section of the channel in the region of kerosene supply with thermal
choking and formation of an upstream pseudoshock;

* in the rear section (F=const) at a=1,5...2,5 burning down takes place with a completeness of
combustion of 0,8...0,9 and formation of a pseudoshock-type flow, and at o > 3 supersonic
flow condition occur.

The investigation performed has shown the feasibility of using the preliminary
thermochemical preparation of the liquid hydrocarbon fuel in an autonomous reactor for
organizing a high effective working process in the combustion chamber with supersonic flow
velocity and high flow enthalpy at the intake.

This work has been carried out under RFFI financial support, Project N05-08-33604a.

8. BASIC RESEARCH OF AIR-HYDROCARBON MIXTURE IONIZATION
PROCESSES FOR OPTIMIZATION OF IGNITION IN COMBUSTION CHAMBERS
AT APPLICATION OF GAS DISCHARGES

A.L. Kuranov
Hypersonic Systems Research Institute of Leninetz Holding company, St-Petersburg

A. A. Kudryavtsev, E.A. Bogdanov
St-Petersburg state university

V. L. Bychkov, A. Yu. Lomteva
M.V. Lomonosov Moscow state university

The presented work is devoted to analysis of effective ionization processes at early
discharge stages in air — hydrocarbon mixtures at different temperatures and mixture
compositions as the first necessary step before analysis of ionization moving air — hydrocarbon
mixtures. Necessary parameters of excitation and ionization in these mixtures have been
determined in wide range of E/N parameter (E-electric field strength, N- density of neutrals). So
called, “thresholds” of ionization in these gas mixtures have been calculated. Experiments on
measurements of “thresholds” of ionization in these mixtures are discussed.

9. TOPEHME IIPEJIBAPUTEJILHO HECMEIIIAHHOI'O TOIIJIUBA B
BBICOKOCKOPOCTHOM BO3JYIITHOM NOTOKE, CTUMYJIHUPOBAHHOE
IIVIASMEHHBIMHA OBPA30OBAHUSIMHA

Kaumos A., Butiopun B., Mopanes U., Tonkynos B.,* Hukurun A., Beanuko A.,**
Jlebenen 0., bunepa U., ++
*Uncmumym evicokux memnepamyp PAH, Mockea
**UXD PAH, Mockea
++HHXC PAH, Mockea

CrumynupoBannoe ropenne (CI')  yreBOMOPOAHOrO TOILIMBA B BO3LYLIHOM
BBICOKOCKOPOCTHOM MOTOKE M3Y4yajoCh B HamMX Opeiplaymux paborax [1-7]. Drta pabota
SIBJIAETCS UX NPOAOIDKEHUEM.




23

HoBrle 3KcriepuMeHTaIbHbIE pe3yabTaTsl o noaHote CI' mpenBapUTeIbHO HECMEIIAHHOTO
TOILTMBA B BBICOKOCKOPDOCTHOM BO3IYIHHOM IIOTOKE PacCMaTpHUBAIOTCS B HacTosuied paborte.
Okcnepumenthl o CI' mposBogunuce Ha yctaHoBke HWT-1. opsunit Bo3mymHbI MOTOK
M<2, Py<1l Bbap, Tu<1000K) wucnomp3oBanci B pabouyeli KamMepe 3TOH YCTaHOBKH.
KoMOHHMPOBaHHBIN AJIEKTPHUESCKUM pa3psil UCIIOJIB30BAJICS Ui IPEABAPHTEIHHOIO MOZOrpeBa
BO3MymHoro moroka M s ympasineHus CIT Metoasl ontudyeckoir u MK cnekrpockonuwy,
XUMHYECKHH aHam3, CKOpOCTHasd HudpoBas KaMepa HCIONB30OBAIUCH MAJIS H3YHYEHHS
mTa3MeHHbBIX oOpazoBanuit u CI'.

Crenyromue 0CHOBHBIE SKCIIEpUMEHTATIBHBIE Pe3yNbTaThl OBUIH OMy4YeHs! B 3T0H padoTe:

1. HM3yyena guHamuka CI' npeaBapHTEIbHO HECMEIIAHHOIO YIJIEBOAOPOJHOTIO TOIUIHBA B
BHXPEBOM H HE3aKpyYeHHOM BO3AymHOM IoTokax. Obnapyxeno, uro 3oHe CI° moryt
00pa3oBBIBATHCS JIOJITOXKHUBYIINE IUIA3MOXHMUYECKHE CTPYKTYpHl. VIMEHHO 3TH CTPYKTYpHI
[O3BOJIOT  3HAYMTENBHO  CHH3UTH  JJIEKTPHYECKYI0  MOINHOCTH,  MOTpebiseMyro
ruiasMoreHeparopoM B CI” akcriepiuMenTe. _

2. CocraB ¢uHanpHelx mnpoayktoB CI' m3meper ¢ momombio MetonoB FTIR
CIIEKTPOCKOIIMH U XpoMaTorpaduy.

3. Oddodextupnas napabotka H2, CO, C2H2, CH4, C6H6.... B CI” 30He 6buta 0OHapy)eHa
B OoratsIx cMecax (pe()OpMHUHT TOILTHBA).

4. OG6napyxeHo, 4to Bhicokasd momHora CI' Tormusa 90-100% nocturaercs B 6emHbIX
cMecsx ToNpKo. B cirydae GoraTeix cMeceil 3Ta BEIMYMHA MOXXET YMEHBIIUTECA 10 40%.

5. JleranbHble ONTHYECKHE CIEKTPHl MOJYYEHBI U INPOAHATH3HPOBAHBl B Pa3IMYHBIX
ceyeHusix CI' 3ombl [lomydeHa BaxkHas HHGOpMAamUs O KHHETHKE ILIA3MOXHMHYECKHX
npoiieccoB B nporecce CI.

6. Baxnas ponp rereporeHHo#f kuHetmkH CI° Ha IIOBEpXHOCTH 3apsHKEHHBIX
BO30YXJCHHBIX KapOOHOBEIX KJIacTEPOB (CaXXEBBIX YacTHI) 00CyKIaeTcs B HACTOSIIEH paboTe.

7. PacmmpeHne KOHUEHTPANMOHHBIX NpeneoB Yycroiumsoro CIT yrieBomOpogHOro
TOIUTHBA B 2-4 paza 0OHapyXeHO B 3KCIIEpPHMEHTE.

8. CHmxeHue TeMIepaTyphl IUIaMeHH B 2-3 pa3a 3adMKCHPOBAaHO B 3KCIIEPUMEHTE B
cllydae HCIONIb30BaHus OOeTHEHHBIX CMeceil IPH IIa3MEHHOM CTHMYJIUPOBAHHY UX TOPEHHS.
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9. NON-PREMIXED PLASMA-ASSISTED COMBUSTION IN HIGH-SPEED
AIRFLOW

Klimov A., Bitiurin V., Moralev L., Tolkunov B.,* Nikitin A., Velichko A.,**
Lebedev Yu., Bilera L™
*Institute for High Temperature RAS, Moscow
**Institute of Physics and Chemistry RAS, Moscow
** Institute of Petrochemical Synthesis RAS, Moscow

Plasma-assisted combustion (PAC) of hydrocarbon fuel in high-speed airflow was studied
in our previous works [1-7]. This work is continuation of the previous ones.

New experimental and theoretical results on non-premixed PAC and its completeness in
high-speed airflow are considered in this work. Experimental study of internal PAC is carried out
in the hot wind tunnel HWT-1. Supersonic airflow (M<2, Py<1 Bar, T4<1000K) is created in the
test section of this experimental set up. Combined electric discharge is used for airflow pre-
heating and plasma-assisted combustion. Optical spectroscopy, IR spectroscopy, chemical
analysis, high-speed digital camera are used to study plasma and radical generation in PAC zone.

The following main new experimental results were obtained in this work:

1. Dynamics of non-premixed PAC in vortex airflow and non-vortex one is studied by
digital high-speed camera. It is revealed that self-organized long-lived PAC structures are
created in airflow. Electric power of plasma generators are decreased by these PAC “matches”
considerably in our experiment.

2. The final gas composition behind PAC zone is measured by FTIR and chromatograph.
Partial pressures and concentrations of chemical species are obtained at different operation
modes of plasma generator.

3. Effective H2, CO, C2H2, CH4, C6H6.... generation in PAC zone is obtained in rich
propane-airflow mixtures.

4. It is revealed that there is high fuel PAC completeness 90-100% in a lean fuel mixture
only. This value is decreased up to 40% in rich fuel mixture.

5. Detail optical spectra are recorded in different cross sections of the PAC zone at
different operation modes of plasma generator. These spectra are processed and analyzed.

6. Important role of charged and excited carbon clusters (soot particles) on PAC kinetics
is studied in this work.

7. Extension of fuel combustion concentration limits for rich and lean mixtures is about 2-
4 times at plasma assistance.

8. Combustion temperature limit of lean mixtures is decreased up to 2-3 times at plasma
assistance.
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10. TIPOBEJEHUE YUCJEHHBIX PACUETOB JIJISI BRISICHEHUS
BO3MOXHOCTEH IUVTASMEHHOI'O MHUIIUNPOBAHUS IVIAMEHU B
CBEPX3BYKOBOM IIOTOKE CMECEU BOAOPOJA U 3THJIEHA C BO3AYXOM

N.B. Koueros*, C.b. Jleonos**, A.Il. Hanaprosnu*
*I'HI] P® Tpouykuii Hncmumym Hunosayuonnwix u Tepmoadepnvix Hecneoosanui, Tpouyx
Mo.
**Muecmumym Beicoxux Temnepamyp PAH, Mocksa

dynpaMeHTaIbHAsS 1npobiieMa; crosmias Iiepes pa3paboT4MKaMM THIIEP3BYKOBOTO
HOpAMOTOYHOTO BO3AylIHO-peaktuBHoro apurarens (I'TIBPD), YCKOPEHHE BOCIIAMEHEHHUS
CMECH JI0 CBEPX3BYKOBOU CKOPOCTH. B OOBIYHEIX TOIIMBO-BO3MYIIHBIX CMECAX BOJHBI FOpEHUS
CBSI3aHBI C IPOTPEBOM ra3a, II03TOMY HX paclipoCTpaHEHHUEe OllpefelsieTcs MpolieccaMy IepeHoca
TeIUIa, KOTOpPhle JaXe IpH HAIMYMH CHJIBHON TypOYJNEHTHOCTH HE MOTYT JaTh HeoOXoIuMoit
CKOPOCTH  pacrnpoCTpaHeHHs BOJNHBL Vmes HCHONB30BaHUS — IUIA3MEHHBIX  METOIOB
BOCIUIAMEHCHHUS TOIUIMBAa OCHOBaHA Ha HEPAaBHOBECHOH TIeHepali XUMHMYECKM aKTUBHBIX
YacTHI, YCKOpPSIONIMX Ipolecc TropeHHus. IlpeamomaraeTcs, 4YTO BBIMTPHII B OSHEPrHH,
3aTpayuBaeMoOll I YCKOPDEHHS TOpEHHs, B IUIa3MEHHBIX METOIax JOCTHraercs 3a CuéT
HEPaBHOBECHOH IPHPOABI IJIA3MBI B paspsfe, MO3BOJSIOMIEH MPOM3BECTH CBEPXPABHOBECHYIO
KOHIIEHTpallMIo panukaioB. Bemmuuna sddekra, 04eBHAHO, CHIBHO 3aBHCHT OT Ha4yalbHOMH
TEMIIEPATyphl, AaBICHHUSI M COCTaBa CMECH.

Jlo cuX mop HeT NPHHUMIMAIBHOIO JOKA3aTeNbCTBA TOT0, YTO TpebyeMoe YMEHbIICHHE
BPEMEHHU UHIYKLIHUH BO3MOXKHO IS U3BECTHBIX TOIUIHB M M3BECTHBIX BHIOB Pa3psiOB, KOTOPhIE
MOTYT TOAACPKHBAaTbCS B CBEPX3BYKOBOM IIOTOKEe npu atMochepHoM nasieHuH. Ilpoctoif
HarpeB TonnHBo-Bozz[SymHoﬁ CMECH 1O TeMIIepaTyphl, KOIrja CKOpPOCTh TOpEHMS IONafaeT B
muanason 10 — 10” ¢! Taxke mpusemgr K HeoOxomuMoMy 3bdekTy ynepkaHHs BOJHBI
ropeHus B KaHajyie. Bonpoc MUHUMAaNBbHOH IIEHBI, KOTOPYIO MOXHO 3aIUIaTHTH 332 HEOOXOIHUMOE
YCKOpEHHE TOpeHHs, MMeeT NPHHIUNHATBHOE 3HAa4Y€HHEe, TaK KaK B OTCYTCTBHE 3aMETHOTO
BBIUTPHIIIA IPUMEHEHHE IIa3MEHHBIX METOJIOB JUIS 3TOM IIeJH CTAHOBUTCS HELENecO00pa3HBIM.
INpencrasnsger 6osbImo HHETEPEC U3YYUTH 3DPEKT YKOPOUCHHUS BpEMEHH BOCIIJIAMEHEHHS CMECH
B YCJIOBHSIX, KOTOPBIE MOT'YT PEAIFHO OCYILECTBIATHCS B CBEPX3BYKOBBIX KaMepax CrOpaHus.

Bnepsrie Opma pazpaboraHa 4YHCIEeHHas MOJENb, COYETAIOMmIasd TPAJULHOHHOE
NpHONMKEHHE XHMHH TODEHHS C COBPEMEHHOH KHMHETHKOM IuiasMbl, Oasmpyromeiics Ha
pEIleHUH YpaBHEHHMA bonpnMaHa Ui 37EKTPOHOB. Takoe NpuONMKEHHE IO3BONSET HaM
CaMOCOIJIaCOBAHHO  OIMCaTh HEPAaBHOBECHBIA 3JEKTpUYECKHH paspsn B  XUMHUYECKH
HecTaOMJIBHOM (BOCIUIaMeHsieMoM) rase. IIpoBoauTcs cpaBHEHHe BOCIUIAMEHEHHS BOJOPOIHO-
BO3JYIIHOH U 3TUJIEH-BO3IYIIHOM cMeceil B pa3psizie U IIpU TEILIoBOM Harpese. Hcnmonp3oBanuch
IBa pasHbIX NpubmmxeHus: (1) peimeHwe ypaBHEHMH MoAenyd B HPUOMKEHWM NOCTOSIHHOM
IUTOTHOCTH U CKOPOCTH ra3a; (2) pelueHue ypaBHEHMH pa3psaaHoOd M XMMHYECKOH KUHETHKH B
paMKax OJTHOMEpPHOH ra3zoBoil JMHAMHUKH.

UncneHHOE MOJEMNpPOBaHUE TI0Ka3ajo, YTO MCII0JIF30BaHKE pa3psaAa 3aMETHBIM 00pazoM
COKpallaeT JMMHY M MHUHUMAQJIBHYIO OSHEpPruro, HeoOXOauMyIo M  BOCILIAMEHEHHS
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IpeJBapUTENIbHO CMEIIAHHOTO TOIUIWBA € BO3XYXOM. B d9acTHOCTH, 11 Kamepel CropaHus
quinHHOH 80 cM, BXOHOM cTaTHyeckoi TeMneparyps! raza 700K u cTaTH4ecKoro JaBneHus rasa
1 aTM MUHHMaJlbHas yAeNbHAs HEprys paspsaa MOCTOSHHOIO TOKAa AA CTEXHOMETPHYECKON
BOJOPOIHO-BO3AYIIHOM cMecH coctaBisger 150 JDx/r, B TO BpeMs Kak IpH TEIJIOBOM
HHHLIHHPOBAHUH NOTpebyeTcs SHEeprus B Ba pasa 6oplias.

OddexT yckopeHHs ropeHHs: BOXOPOIHO—BO3AYUIHONH CMECH B CBEPX3BYKOBOM KaHase ¢
NOMOMIBIO  pa3psila TOCTOSHHOTO TOKAa HE O4eHb YYBCTBUTENEH K  OTHOIUEHHIO
TOITMBO/OKHCIIMTEINb ¥ TIOCTENICHHO YMEHBIIAETCS NPH pa3baBIeHUH FOPIOYETO.

IToxazano, YTO XapaKTepHble AJHHBI BOCIUIAMEHEHHS IpPH HHULMHUPOBAHHS TOPEHHUS
TACIOUMM pa3psalioM B CTEXHOMETPUYECKOH CMeCH BO3[yXa C ITHJIEHOM B CBEPX3BYKOBOM
KaHajle, OKaspiBaloTCs Oosblie, a TpeGyemble 3HeproBkinaasl B 1.6 pasa Beime, 4eM mis
BOJOPOJAHO—BO3AYILIHOM CMECH.

O6HapyxeHo, YT0 NpHONHKEHHE MOCTOSHHON INIOTHOCTH a3a [0 CPaBHEHHIO C TOYHBIM
pelIeHHeM OIHOMEPHBIX YPaBHEHHMH Tra3oBOH OHUHAMHKM HE3HAYUTENHHO 3aBbIIAET HJHHY
BOCIIAaMEHEHHUS.

CpaBHenne  9p¢eKTOB  HHHIMHMPOBAHUSN  TOPEHHS  CTEXHMOMETPUYECKON
BOJIOPOJHO—BO3AYIIHOH CMECH HENpPEpPBIBHBIM M HMITYJIBCHBIM pa3paaMH MHKPOCEKYHIHO#
JUTHTENIBHOCTBIO JIEMOHCTPUPYET OTHOCHTENBHO HeOonblnoe pasnuuue B BenuunHe dddekra.
WmnynecHple paspaasl MHKPOCEKYHAHOH JUIMTENBHOCTH JArOT NMPUMEPHO 25% BBIMIPHIN B
cpenHedl MOIIHOCTH, 3aTpayHBaeMoi Ha IOJDKAT cMeCH. [IpH COKpallieHHH IHTENBHOCTH
uMIynbca paspana 1o 10 He Tpebyemas cpenHsst MOIHOCTD pa3psijia YMEHbIIAeTCs HalONIOBUHY.

AgTopt! BeIpakaroT 6naronapaocts b. B. ITotankuny, npenocraBuBIlIEMy BO3MOXHOCTD
Bocnop3oBathcs nporpamMmoit Chemical Workbench, u M. U. CrpenkoBoii 3a moMous B
$OpMyJIHpOBKE MEXaHM3MOB TOpDEHHS TOIUIMBHO-BO3NYIIHBIX cMeceil. PaboTta mnomnepkana
axagemukoMm I'. I'. Uepursm B pamkax ITporpammsr Ne 20 IIpesunnyma PAH.

10. NUMERICAL EVALUATIONS OF PLASMA IGNITION IN SUPERSONIC FLOW
' OF MIXTURES OF HYDROGEN OR ETHYLENE WITH AIR

I. V. Kochetov, S. B. Leonovl, A. P. Napartovich
State Research Center of Russia Troitsk Institute for Innovation and Thermonuclear Research
(TRINITI), Troitsk, Moscow region
!Institute of High Temperature Russian Academy of Science (IVTAN), Moscow

A fundamental problem faced by designers of a hypersonic ramjet is the acceleration of
ignition of a fuel mixture to a supersonic velocity. In common fuel--air mixtures, combustion
waves are associated with gas heating; therefore, their propagation is determined by heat transfer
processes, which cannot provide a required wave propagation velocity even in the presence of
strong turbulence. The idea of using plasma-assisted methods of fuel ignition is based on
nonequilibrium generation of chemically active species that speed up the combustion process. It
is believed that gain in energy consumed for combustion acceleration by plasmas is due to the
nonequilibrium nature of discharge plasma, which allows radicals to be produced in an over-
equilibrium concentration. Evidently, the size of the effect is strongly dependent on the initial
temperature, pressure, and composition of the mixture.

Up to now there is no clear evidence that the required reduction of the ignition time is
feasible for the known fuels and discharge types sustainable in supersonic flow at atmospheric
pressure. Thermal heating of a fuel-air mixture can hold the flame provided the burning rate falls
into the range 10 ~ 10 s, It is a key problem of the minimum energy cost to be paid for the
burning acceleration. If this minimum is not enough low, there is no sense to elaborate plasma
methods for ignition problem. To achieve a more reliable evaluation modeling should be done
for realistic conditions of the supersonic combustion engine.




27

For the first time, a numerical model was developed combining traditional approach of
thermal combustion chemistry with advanced description of the plasma kinetics based on
solution of electron Boltzmann equation. This approach allows us to describe self-consistently
strongly non-equilibrium electric discharge in chemically unstable (ignited) gas. The comparison
is made between plasma-assisted and thermal ignitions for the hydrogen/air and ethylene/air
mixtures. Two different approaches were tested: (1) solving of model equations in approximation
of a constant gas density and flow velocity; (2) solving of discharge and chemical kinetic
equations in frames of 1-D gas-dynamics.

Numerical simulations demonstrated a notable reduction of the ignition length and the
minimum energy input in the discharge required for the ignition of the pre-mixed fuel. In
particular, for the hydrogen/air mixture in the combustor duct of length 80 cm, the inlet static gas
temperature 700 K and static gas pressure 1 bar the minimum reduced energy input in the direct
current glow discharge is 150 J/g, while for the thermal ignition it is as twice as high.

The numerical simulation of dc discharge-initiated combustion of a hydrogen--air
mixture in a supersonic channel has shown that the effects of acceleration is not very sensitive to
the fuel/oxidant ratio and gradually decreases with fuel dilution.

It is shown that the ethylene/air mixture can be ignited by the glow discharge at the
reduced energy input 1.6 times greater than in the case of the hydrogen/air mixture.

It is found that the ignition lengths calculated in the constant-gas-density approximation
are only slightly greater than that found in the quasi-1-D gas-dynamic model.

A comparison of the effects of initiation of combustioh of the stoichiometric
hydrogen--air mixture by a continuous and a pulsed discharge reveals a relatively small
difference in the size of the effect. Microsecond pulse discharges give an approximately 25%
gain in a time-average energy consumption for ignition of the mixture. At pulse duration about
10 ns, the required average discharge power is halved. .

We are grateful to B. V. Potapkin for kindly presenting the possibility of using the
Chemical Workbench software and to M.I. Strelkova for assistance in the formulation of
combustion mechanisms in air-fuel mixtures. This work was supported by Academician G. G.
Chernyi, program no. 20.

11. 0 BO3MOXHOCTHU NPUMEHEHUS UMITYJIbCHOM HHA3MEHHOﬁ CTPYH
A1 BOCIVTAMEHEHHSA BO3AYIIHO-ITIPOITAHOBOU CMECH

Anexcanapos A. @., Epmos A. II., Kamenmuxos C.A., Konecaukos E. B., Jlorynos A. A.,
Yepuuxos B. A., llln6xor B.M.
Duzuueckuii Paxynomem MI'Y, Mockea

ITpuBonsTcs pe3ynbTaThl SKCIEPUMEHTABHBIX HCCIIENOBAHUH Tponecca B3auMOAEHCTBHS
UMITYILCHOHW IUIa3MEHHOH CTpyH €O CBEpPX3BYKOBBIMH IIOTOKAMH BO3AyXa H BO3IYIIHO-
npornaHoBoit cMecH. Ilnasma cospaBanace IumasmomuHammueckuM MITK  mnasmotponoMm,
pONIOJIBHAA OCh KOTOPOro Gblla HANpapieHa HABCTpewy MoToKy mox yrimom 60° k ero ocu.
OnpeneneHs! 31eKTPUYECKHE TapaMeTpH! pa3pszia: aJicHAe HapsHKEHUs Ha paspsjie H ero TOK,
MOIIHOCTb U 3HEpIUd, BeIIEIIeMas B [UIa3Me 32 BpeMs UMITYJIbCa.

Ilo oTHOCHTENBHBIM HHTEHCHBHOCTSM JIMHUIM MEIM OIpeNeNsiach TeMIeparypa
BO30YXIEHHH COOTBETCTBYIOIIMX JJICKTPOHHBIX YPOBHEH, KOTOPYIO B YCJIOBHAX HACTOSLIUX
9KCIIEPUMEHTOB B NEpH(EpHUIHOM 007acTH CTPYH MOXHO CUHMTAaTh ONIM3KOM K TeMIeparype
IUIa3MBL.

B pesynbTaTe NpoBENECHHBIX CIEKTPATIBHBIX H3MEPEHHUH ObLIO MOTYUIEHO MOJIE TEMIIEPATYP
B DasiHYHBIX CEYEHHSAX IUIa3MEHHOH CTpyH B CBEpX3BYKOBOM IioToke. IlokaszaHo, d4ro
MaKCHMaJIbHas TeMIlepaTypa IUIa3Mbl B epHQepuiiHoit obnacti cTpyd HabMIOMaeTCs B TOYKAX,
pacnonoxenHsix y topiia MIIK — mna3mMoTpoHa, M Ipy MakCHMAaNbHON 3amaceHHOM 3HEPruu
JOCTHracT BEIMYMHBI Topaaka 4 5B. Temmeparypa InasMpl yMEHBLIAETCS IPU YMEHBUICHUM
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HanpsOKeHHs Ha HaKONUTENLHOM KOHAeHcatope. B ofmeM cimydae, B pa3siM4HBIX TOYKax
CeyeHHs MITa3MEHHOH CTPYH M NpH pa3iIMYHOM’ 3allaceHHOH SHEPrHH TeMIepaTypa H3MCHSETCS B
npenenax 1,4 + 4 3B.

OKCepUMEHTHl IO  HCCIIEOBAHUIO  B3aMMONEHCTBUSA  IJIa3MEHHOH CTIpyH €O
CBEPX3BYKOBBIM ITOTOKOM BO3AYIIHO — NPONAHOBOH CMECH MOKA3alH, YTO B pe3yJIbTaTe TaKoro
npoliecca peaqu3yeTcs peXuM JETOHALMOHHOTO ropeHus cMmecu. Ha ocHOBaHMM pe3ynbTaToB
06paboTKH CUTHANIOB C JATYMKOB JABJICHUS, PACIONIOXEHHBIX IO BCEH IJIMHE CBEPX3BYKOBOTO
KaHana, ObUTH ONpeleNeHbl TUIIMYHBIE YCIOBUS BO3HUKHOBEHHS B TOIUIUBHOH CMECH pexuMma
JETOHAIIMU U HEKOTOPBIE €ro XapaKTEPUCTHKH.

11. ON A POSSIBILITY OF PULSED PLASMA JET APPLICATION TO IGNITION OF
PROPANE-AIR MIXTURE

A.F. Aleksandrov, A.P. Ershov, S.A.Kamenshikov, E.B. Kolesnikov,
A.A. Logunov, V.A. Chernikov, V.M. Shibkov
Physical department M.V. Lomonosov MSU, Moscow

Experimental investigation results of pulsed plasma jet interaction with supersonic air and
propane-air mixture flow are represented. Plasma was created by plasmadynamic magneto-
plasma compressor (MPC) plasma generator. Its longitudinal axis was directed towards the flow
under the angle of 60° to the plasma. Following discharge electric parameters were determined:
voltage drop on the discharge, discharge power, power and energy released in the plasma during
the pulse.

Electronic levels excitation temperature was determined by relative intensity of copper
lines. It can be considered close to the plasma temperature in the jet periphery in conditions of
present experiments.

- In results of undertaking spectral measurements we obtained temperature field in different
cross sections of the plasma jet in the supersonic flow. We have shown that plasma maximum
temperature in jet’s periphery was observed in points located near MPC- plasma generator face.
At maximum stored energy it reached the value of about 4 eV. Plasma temperature decreased at
decrease of the voltage at the storing capacity. Temperature in general case changed in the range
1,4 + 4 eV in different points of the plasma jet and at different stored energy.

Experiments on investigations of plasma jet interaction with supersonic flow of propane-
air mixture have shown that the mixture detonation combustion mode has been realized in the
result of the process. Typical conditions of the detonation mode realization in the fuel mixture
and some its parameters have been determined with a help of pressure sensors located along the
length of the supersonic channel.

12. SKCIIEPUMEHTAJIBHOE U TEOPETHYECKOE UCCJIEIOBAHUE
IMPOLNECCOB IIOJKUT'A “AKTUBUPOBAHHOI'O IIOPUCTOI'O TOILJINBA”

B.1O. Beauxonuslii B.IO.', A.D. AnekcaHApOB 2, B.JI. Brrukos 2, B.IL BopOTmmH', A.B.
Epemees', JI.LK. Haxurenxo', IN.B. Tumodees, B.A. Yepaukon 2 10.I". SInoBcknii’, /I,
Ban Bu®
! Hucmumym npuxnaonoii mexanuxu PAH, Mockea
’Mocroeckuii I' ocyoapcmeenublil ynugepcumem um. M.B. Jlomonocosa
3YHu6epcumem um. [[xc. Xonkunca, Jlabopamopus npuknadHnoii ¢pusuru

Ha ocHoBe TECOPETHUCCKUX M  IKCIIEPHUMCHTAJIBHBIX HCCNIeA0BaHUH IIpEIJIOKECHA
NEPCIIEKTUBHAA CXEMA JABYXKOHTYPHOrO BO3AYIIHO-PCAKTHBHOI'O NPAMOTOYHOIO ABUratest s
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peaM3aliy cTapTa THIep3ByKOBOTO BO3AYIIHO-KOCMHYECKOTO aliapara MpsaMo ¢ IOBEPXHOCTH
3eMJTi 6e3 UCIIOJIB30BaHHUS MPEABAPUTENBHBIX IIPeIyCKOPUTENEH.

Co3nman “ropsumii CTeHA’ g HUCCICIOBAHWS U MOAENUPOBaHUs paboOTHl 3TOH CXeMBI U
HCCIIeOBaHMs ITOJDKUra KEPOCHHA B IO3BYKOBOM M CBEPX3BYKOBOM MOTOKAaX € HCIIOJb30BAaHUEM
“aKTHBHPOBAHHOI'0 IOPHUCTOro KepocuHa’. Paspaborana ¢opcyHka - miIa3MOTpPOH JUist
IOATOTOBKM M  pachblia “akKTHBUPOBAHHOIO IIOPUCTOrO TOIUMBA”, obecmeduBaromas
rapaHTHPOBaHHBIA MOIDKUT IpH Hanuuuu OapOGotupoBanud. Ilpu orcyrcTBuEM GapOoTHpOBaHUS
HOJDKUT yHAaeTCs IOJYy4aTh TOJIBKO HPH IOCTEIIEHHOM YBEIMYCHHUH pacXoja KepoCHHA depes
6ap6otep. [Ipu orcyrcrBum GapboTaka ¢ HCIIONB30BAHHEM 30HBI CTAOMIH3ALUH IUIAMEHH U
HALIEro IUTa3MOTPOHA YAAIOCH HOJIYYUTh CTaOHIBHOE FOPEHHE B CBEPX3BYKOBOM IIOTOKE IIPH
M<1.2 (6e3 monorpesa). Ilpn Hanuuuu GapboTaka yCTOHYHBOE TOPEHUE YAAaBAIOCH MONTYYHTh
npu GonpImuX 3HadeHMsX yucen Maxa M < 1.4 (6e3 mozorpesa). 13 - 3a 0TCYTCTBHS IOJHOTO
MOJENHPOBaHMs, TO €CTh U3—3a CYNIECTBEHHOTO CHUXEHHS TeMIIEpaTyphl B OCHOBHOM IIOTOKE
npu 1.4<M<1.6, ycTo#9UBOro ropeHus B HAIIUX YCIOBUAX (IIpU 3aJaHHBIX pacXojax TOILIMBA)
mony4uTh He yaainock. [lpu M>1.6 ropeHue B OCHOBHOM CBEPX3BYKOBOM IIOTOKE IPEKPaIalioCh.
HeoOxoauMo [JOMOJHUTENFHO MOIEPHU3UPOBATh YCTAaHOBKY A/ obOecmeueHHs Ioxorpena
Bo3ayxa. IlokasaHa IpuHUMNHANBHAS BO3MOXXHOCTH CTaOHMJIBHOIO TOPEHHUS KEpOCHHA B
CBEPX3BYKOBOM IIOTOKE JaXke IIPH HI3KHX TEMIepaTypax BIIoTh 10 —50°C, IIpH HCIIONB30BAHIH
JUTS €ro MOKUTA “aKTHBUPOBAHHOTO NOPHCTOTO TOILMHBA . '

Jlns akTHBaIK «IOPHUCTOTO TOIUIMBAY UCIONB3YETCS YAapHOBOMHOBOU MeTon. s 3Toro
ra30qUCIepCHas CMECh TOIUIMBA M OKUCIUTENS uepe3 (OpCyHKY- IIa3MOTPOH B HEPACUETHOM
peXuMe IojaeTCs B OCHOBHOH IIOTOK ra3okanejgbHONH CMecH TOIUMBa M okuciutens. Ilpu
TOPMOXXEHHMHU Ta30MCIIEPCHOM cTpyHn obpa3yeTcs ylaapHas BOJNHA B BHJEe Aucka Maxa. B stom
cllydyae My3bIpbKH C IIapaMH TOIUIHBA M OKHUCIIUTENSI PE3KO CKUMAIOTCS, 00pasyroTCs pagukaibl, -
HPOAYKThl KOHBEPCHH M KpeKHWHra. Peanu3zoBaHbl pe>kxuMbl 3Q¢EKTHBHOTO Npeobpa3oBaHus
KHHETHYECKON SHEPTHH B XMMHYECKYIO B Pe3yNIbTaTe MPABHIBHOTO COUYETAHMS TEOMETPHUECKHX
pasMepoB  YCTPOHCTB, JHaMeTpa Iy3BIPHKOB, TIa30COAEPXaHUS M CKOPOCTH MOTOKa,
NO3BOJISAIONIEE OOECHECUHTh M30TEPMUYECKHH pEXHM YCKOPEHHS Ta30JUCHEpCHOM CTpPyd H
agrabaTH4YecKui pexuM cxartust Bo GPOHTE YIApHOU BOJHEL

Ha ocHoBe Mojeny KpynHOMacmTaOHOTO 3aXBaTa BHEIIHEH Cpeibl MOTydYeHA 3aMKHYyTas
cucteMa Au(depeHIHATBHEIX YpaBHEHHUH, MMO3BOJSIONIAS PAacCUYMTATh IAPAMETPEI MOPHCTOM
CTpyH Kak (QYHKIHM DAacCTOSHHS OT BXOZJa M 3aJaHHBIX YCJIOBHI €€ paclpOCTPaHEHMS —
CKOPOCTH W IUIOTHOCTH BHEIUHEH Cpefpl, CHJIBI TSXKECTH (Ui IUIaBYYHX CTpYH), a TaKKe
HAYaJIBHOIO yrila HakK/JIOHA CTPYM IO OTHOLICHUIO K HAIIPABJICHHIO CKOPOCTH BHEIIHETO IIOTOKA
raza. Pe3ynpraTel pacyeTa KadeCTBEHHO M KOJHMYECTBEHHO OIIMCHIBAIOT KJIACCHYECKHE
OKCIIEPUMEHTEI, IOATBEPXKIAd TEM CaMbM CIPaBEIIMBOCTh NPHHATHIX NOMYINEHHI. PacueThl
HNOATBEPAMIIA TO BECbMa BAKHOE CBOHCTBO MOPHUCTOH CTPYH, YTO C YBEIHYEHHEM HAYANBLHOTO
ras’ocofepXaHus COKpallaeTcs JJIMHAa €€ YYacTKa, Ha KOTOpPOM YCTaHaBJIHBaeTCs
CTEXHOMETPUIECKUH COCTAB CMECH.

12. EXPERIMENTAL AND THEORETICAL INVESTIGATION OF “ACTIVATED
POROUS FUEL” IGNITION PROCESSES

V.Yu. Velikodnyi', A.F. Aleksandrov %, V.L. Bychkov 2, V.P. Vorotilin!, A.V. Eremeev’,
L.KK. Nikitenko', [L.LB. Timofeev], V.A. Chernikov %, Yu.G. Yanovskii', D. VanWie >
!Institute of applied mechanics RAS, Moscow
’M.V. Lomonosov Moscow state university
? The Johns Hopkins University Applied Physics Laboratory

Prospective scheme of two-line air jet direct flow engine for realization of hypersonic air-
cosmic vehicle start directly from the earth surface without application of preliminary
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preaccelerator has been proposed on a basis of theoretical and experimental investigations.

“Hot stand” for investigations and modeling of this scheme operation has been created.. It
is also aimed to studies of kerosene ignition in subsonic and supersonic flows applying. Sprayer-
plasmagenerator for preparation and atomization of “activated porous fuel” Has been developed.
It ensures fuel ignition at bubbling. Without bubbling one can realize a fuel ignition only at
gradual kerosene consumption increase through the bubblier. In the case without bubbling we
managed to realize a stable combustion in supersonic flow at M<1.2 (without heating) at
application of flame stabilization zone and our plasmagenerator. At bubbling we manage to
realize the stable bubbling at large values of Mach number, M < 1.4 (without heating). We did
not realize the stable combustion in our conditions (at given fuel mass flow rate) at 1.4<M<].6
due to essential temperature decrease in the main flow. The combustion stopped in main
supersonic flow at M>1.6. It is necessary to additionally modernize our set up in order to ensure
air heating.

We have demonstrated a principle possibility of kerosene stable combustion in the
supersonic flow even at low temperature down to —50° C at application of “activated porous fuel”
for its ignition.

Shock wave method is used for “porous fuel” activation. For this purpose the gas- disperse
mixture of the fuel and oxidizer is delivered to the main flow of gas - drop mixture of the fuel
and oxidizer through the sprayer- plasmagenerator in abnormal mode. The shock wave in a form
of Mach disc is formed at gas — disperse stream stagnation. Bubbles with vapors of the fuel and
oxidizer are sharply compressed in this case, radicals, cracking and conversién products are
created at that.

Modes of effective conversion of kinetic energy to the chemical one have been realized
thanks to correct combining of device’s geometrical sizes, bubble diameters, gas content and
flow velocity. This allowed to ensure isothermal mode of gas- disperse stream acceleration and
adiabatic mode of compression in the shock wave front. '

Closed system of differential equations has been obtained on an basis of large scale capture
of external medium model. It allows to calculate the porous stream parameters as the function of
the distance from the inlet and given conditions of its propagation: external medium velocity
and density, gravitation force (for floating streams), and initial incline angle of the stream with
respect to the direction of external gas flow velocity.

Calculation results qualitatively and quantitatively describe classical experiments
confirming correctness of accepted assumptions. Calculations have confirmed a very important
porous stream feature that its part length decreases at which the stoichiometric mixture
composition establishes with increase of the initial gas content.

13. INTASMEHHAS JETOHALIUS ITPU CBEPX3BYKOBOM JIBHJKEHUU B
I'A30IVIABMEHHBIX CPEJAX

10.JL. Cepos.
OTH um. A.D. Hogpghe PAH, Canxm-Ilemepbype

3a nociaeaHue roAsl B 00JacTH JUHAMUKHU IUTa3Mbl HOJNY4YEHB! NaHHBIE, M3MEHSIOUIHE
Hallld TIPeACTaBJIEHHs O AMHAMUYECKUX CBOMCTBAX CTOJIKHOBHTEIHHOH Ci1abOHOHH30BaHHOH
mnasmel.  IlonmydeHHsle pe3ynbTaThl CBS3aHBl € CYUIECTBOBaHHEM  (YHIaMEHTAJBHBIX
PE30HAHCHBIX HEJIMHEHHBIX AMHAMHUYECKHMX CBOMCTB HEpaBHOBECHOH IasMbl. B pesynbrare
NpOBENEHHUs] KOMIUIeKca OaUIMCTHYECKMX MCCIeOoBaHUM ObU1 MCCIEO0BAH HOBBIM HMOHHO-
aKyCTHYEeCKHMH MEXaHU3M, CONPOBOXAAIOLIMN B3aUMOAEHCTBHE YAAPHBIX BOJH € BO3OYXAEHHBIM
Y MOHH30BAHHBIM ra3oM. 3TO MO3BONHIO OOBSICHUTD AN HEMOHSTHBIX O HACTOAIIETO BPEMEHH
3¢¢pexToB, B TOM 4YHCIIE AHOMaNbHOE OOTEKaHHS BBICOKOCKOPOCTHBIX TeNl HEpPaBHOBECHOM
CnaboOMOHM30BaHHON ITa3MOH  ra3oBOro paspsia, a Takke (U3INMYECKyI0 TNpUpPOLY
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HOHM3AI[MOHHON! HEYyCTOHYMBOCTH ymapHbIX BosH. OpnHako, mpobnemMa B3anMOAEHCTBUS
BBICOKOCKOPOCTHBIX TE€UYCHHH C IJIa3MOM HE UCUEPIIHIBACTCS TOJIBKO 3TUMHU (YHIaMEHTAIbHBIMH
U NpHUKIagHBEIMU acriekTaMd. HenmuHeliHble NUHAMUYECKUE CBOMCTBA HEPaBHOBECHOW ILIA3MBI
SBJIAIOTCS MPOSBIEHHEM (PYHIAMEHTAIBHBIX 3aKOHOB IIPHUPOJABI M PEAIM3YIOTCS TaKXe IpU
JIBUKCHUH CBEPX3BYKOBBIX TeNl H YIApHBIX BOJH B XMMHUUYECKHM pEardpylolux raszax, Korjga B
Xofle peakuuu oOpa3yloTcs BO30OYXAEHHBIE M HMOHH30BaHHBIE dacTHIBL OcoObl HHTEpec
IPeACTaBSIOT UCCIIEJOBAHUS 3aKOHOB, 110 KOTOPHIM IIPOUCXOAUT BHICOKOCKOPOCTHOE FOPEHUE U
netoHanus. CUUTaeTCsl, YTO JETOHAIMS IIpeACTaBIsieT co00i COBOKYITHOE BO3ACHCTBIE YAApHOH
BOJIHBI ¥ XMMHUYECKOH peaKlMy, NOMEPKUBAIONIEH HHTEHCHBHOCTD YAPHOTO B3aUMOJICHCTBUS.
Ilpn sTOM HabmomaeTcs 3JIEKTPOMArHUTHOE B3aMMOJCHCTBHE, BBI3BAHHOE O CHX IOp HE
MCCIICIOBaHHBIMU HEPaBHOBECHBIMHU NpolieccaMu. HexkoTopele aBTOPEI OTMEYAIOT 3HAUUTENBHOE
CXOJCTBO JIETOHALMH ¢ MOHU3AIMOHHOM HEYCTOMYMBOCTBIO YAAPHBIX BOJH HE TOJIBKO B CaMbIX
o0muX 4eprax, HO JaXe B JETANHHBIX NPH3HAKaX. JTO MOXET CBUAETENLCTBOBATH 00 0OIeM
ANEKTPOANHAMHUYECKOM (HM3MYECKOM MEXAHU3ME, peanu3yIOmEeMCS IIPU- BBICOKOCKOPOCTHOM
IBIDKEHUH B mnasMme. [1nasMa MOXeT co3qaBaThCsi HCKYCCTBEHHO C ITOMOIINBIO Fa30BOro paspsia
WK 00pa3oBbIBaThCA CaMOM yAapHOW BONHOHN mpu (OTOMOHM3AIIMHM KM B XOA€ XUMHYECKHX
peakiuii. BenencTBue 3Toro mpeacTaBiseT 3HAYMTENBHBI MHTEpPEC pacCMOTpeTh IpobieMy
JETOHAIMM M pacIpOCTpPaHEHUs YIOapHBIX BOJAH B TOPIOYHUX CMECSIX C TOYKH 3pEeHHA
oOHapy>XeHHBIX HOBBIX (U3HYECKMX IIPMHIHMIIOB, JEXalMX B OCHOBE B3aUMOJEHCTBHS
BBEICOKOCKOPOCTHBIX IOTOKOB € HEpaBHOBeCHOW IUa3Moil. B Jioknajme wHccnenoBaHa pofb
HEJMHEHHBIX JUHAMHUYECKUX CBOMCTB HEPAaBHOBECHOI IIa3Mbl B peanu3allii IIPOIECCOB
CBEPX3BYKOBOIO TOpEHHS M JETOHalluM. B pamMkax HOHHO-3BYKOBOH MOJIENH paccMOTpeHa
KUHeTHYeCcKass cxeMa (OpMHpOBaHHS  HOHHO-3BYKOBOI'O  COJIMTOHHOTO  CrycTKa B
MHOTOKHIKOCTHOH MOJENH KHCIOPOAHO-BOAOPOJHON I1a3Mbl BOIM3H GpOHTA yJapHOH BOJHBI.
VYcTaHOBNEHO, YTO B CMECH Ia3oB 0c0o0asi poiib MPUHAJIEKUT KUCIOPOAY, TOCKOJIbKY OH HMEET
HH3KO paclOJIOKEHHBIE JHEPreTHYECKHE TEpPMEBI, KOTOPHIE JErKO MOTYT 3acelAThCsA IpH
CTOJIKHOBEHHSX U Y4YacTBOBaTb B IIa3M000Opa3oBaHMM. YCTAaHOBJIEHO, YTO 3HAYCHUS
IpeAENbHBIX CKOpPOCTEH NETOHAIMM [jd pa3M4yHBIX CMeECeil COBIAJaloT C MaKCHMaIbHOM
(hazoBoif CKOPOCTBIO CONHTOHHBIX CI'YCTKOB. HampuMep, OLEHKM IO HOHHO-3BYKOBOH MOJENH
foKasanu, 4ro obmue npenens: neronanuu (1,7-2,8 km/cex) emecu 2H 5 + nO 5 ipu HOpMaIBEHOM
JABJICHUM CBA3aHBI C [MAala3OHOM CYyLIECTBOBAHHS COJMTOHHOIO CTycTKa, 0Opa30oBaHHOTO
HoHaMH Kkucnoposa. Ilapamerpel 3TOro crycrka oOYCIIOBIEHBI yJapaMH BTOpOro poja ¢
YYaCTHEM HIXKHEr0 MeTacTaOMJIBHOTO YPOBHS MOJIEKYJHBI KHciopoaa ¢ aHeprueit E = 0,98 3B.
IlpoBenénnple MCCnENOBaHUS IOKa3bIBAIOT, YTO BHICOKOCKOPOCTHOE TOPEHHE OIIpeeNseTcs
3aKOHAMHM PE30HAHCHOH HENMHEHHOH IIasMoANHaMHUKY M Haubonee 3P PeKTHBHO peanu3yeTcs B
0671aCTH BBICOKOMOHU30BAaHHOT'O COJIUTOHHOTO CryCTKA.
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13. PLASMA DETONATION AT SUPERSONIC MOVEMENT IN GAS-PLASMA
MEDIUMS

Yu.L. Serov
Ioffe Institute RAS, St.-Petersburg

For last years in the field of plasma dynamics the data changing our representations about
dynamic properties of collisional weakly ionized plasma are received. The received results are
connected to existence of fundamental resonant nonlinear dynamic properties of nonequilibrium
plasma. As a result of carrying out of a complex of ballistic researches the new ionic - acoustic
mechanism accompanying interaction of shock waves with excited and ionized gas has been
investigated. It has allowed to explain a number of not clear till now effects, including abnormal
flows of high-speed bodies by nonequilibrium weakly ionized plasma of the gas discharge, and
also the physical nature of ionization instability of shock waves. However, the problem of
interaction of high-speed flows with plasma is not settled only by these fundamental and applied
aspects. Nonlinear dynamic properties of nonequilibrium plasma are display of fundamental laws
of the nature and are realized also at movement of supersonic bodies and shock waves in
chemically reacting gases when during reaction the excited and ionized particles are formed.
Special interest is represented the laws on which there is a high-speed burning and detonation. It
1s considered, that the detonation represents cumulative influence of a shock wave and the
chemical reaction supporting intensity of shock interaction. Thus the electromagnetic interaction
caused till now by not investigated nonequilibrium processes is observed. Some authors mark
significant similarity of a detonation with ionization instability of shock waves not only in the
most general features, but even in detailed attributes. It can testify to the general electrodynamic
physical mechanism realized at high-speed movement in plasma. Plasma can be created
artificially by the gas discharge or to be formed by the shock wave at photo ionization or during
chemical reactions.

~ Thereof it represents the significant interest the consideration of detonation and
propagation of shock waves in gas mixtures from the point of view of detected new physical
principles of interaction of high-speed flows with nonequilibrium plasma. In the report the role
of nonlinear dynamic properties of nonequilibrium plasma in realization of processes of
supersonic burning and a detonation is investigated. Within the framework of ion - acoustic
model the kinetic scheme of ion - acoustic soliton bunch formation in multifluid mode! of
oxygen - hydrogen plasma near to front of a shock wave is considered. In a mix of gases the
special role belongs to oxygen as it has low located power terms which can easily be occupied at
collisions and participate in plasma formation is established. The values of speed limits of a
detonation for various mixes coincide with the maximal phase speed of a soliton bunches is
shown. For example the estimations on ion - acoustic model have shown, that the common
limits of a detonation (1,7-2,8 km/s) of a mix 2H,+ nO, at normal pressure are connected to a
range of existence of a soliton bunch, which is formed by the oxygen ions. Parameters of this
bunch are caused by impacts of the second kind with participation of the lower metastable level
of an oxygen molecule with energy E = 0,98 eV. The carried out researches show, that high-
speed burning is determined by the laws of resonant nonlinear plasma dynamics and this most
effectively realized in area of high ionized soliton bunch.
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14. TA3OPA3PATHAS IIJIASMA BO3JYXA B CBEPX3BYKOBOM MI'Jl KAHAJIE

C.B. bobames, P.B. BacnibeBa, A.B. Epodees, b.I'. ’Kykos,
T.A. Jlanymxkuna, C.A. [lonses
Quzuxo-mexuudeckuti uncmumym um. A.D. Hogpge PAH, Canxm-Ilemepbype

Iensro HACTOSMLIEro HCCIeIOBAHMS ABIACTCS CO3JaHHe OJHOPOAHOro o6beMa BO3AYLIHON
WM a30THOH ra3opaspsAmHON IUIa3Mbl, JBIXKYINErocs B cBepx3BykoBoM -MI'J] kananme mpu
uyhciaax Maxa motoka M = 3-5 u mapamerpe MI'J] B3aumogneicTBus St, JOCTaTOYHOM JUIs
Habmonenus MI'J] addextos (St = 0,05).

Jannas  paGota  mpexacraBiaser  coboff  NpomO/DKEHHME — HMKiIa  pabor  HoO
9KCIIEPUMEHTATLHOMY HCCIEIOBaHHIO BO3MOXHOCTH YIIPaBl€HHs CKauykamH B Juddysope ¢
nomomsio MI'JT meroga. Jlo cuX mop 3Ta 3adada B OCHOBHOM MOJEIHPOBANlaCh  IIyTEM
HCIIONB30BaHMs B KadyecTBe paboyero BemlecTBa HMOHH30BAaHHOIO HHepTHOro rasza Xe [1].
TTONBITKH MOHHM30BATH BO3AYX C MOMOINBIO Ta30BOr0 pa3psa ObLIM NPENPHHSATH aBTOPaMH B
[2]. Hexotopble Teoperwueckue pe3yabTaThl IO HCCIECAOBAHMIO HEPABHOBECHOH BO3MYLIHON
IUTa3MbI HPUBEAEHE! B [3].

Ha mepBoM sTame fanHO# paboTs! ObUTH HCIIPOOOBAHBI Pa3IMYHBIE CIIOCOOBI OpPraHU3aluK
ra3oBOro paspsiza it co3nanus auddy3Ho# 1a3Mel B HENOABMXHOM o0beMe rasa. Hauboree
TIEPCIIEKTHBHEIM HMOHH3aTOpOM BO3AyXa M a30Ta OKasaici KOMOWHHDOBaHHEIH paspsj,
OCYIIECTBJICHHBIH C IMOMOINBIO H30JHUPOBAHHBIX, NONKIIOYEHHBIX HA pa3JIMuHblE OalIacTHBIE
conpotuBnenus wmThipeil. KomGunupoBanHblii paspsan coctoutT u3 BY paspsana ¢ yacroroit 10
M ATHTENBHOCTHIO OKOJIO 2 MKC. M BRICOKOBOJIETHOI'O MMITYJIbCHOTO Pa3psifia AJIMTENbHOCTBIO
npuMepHo 5 Mkc. Kak mokasan skcniepuMeHT Hauboree ONHOPOIHBIM pa3psl HOJIydaeTCsl IIPH
JIaBJIEHUH OKoJI0 15 TOpp.

Ha ocnoBe stux paHupix Obu1 paspaboran MI'Jl kaHan ¢ MMIYJNBCHO- IEPHOJUYECKON
HoHm3ammed rasa. IloTox Bo3gyxa WM a3oTa co3JaeTcs B yHAapHOH Tpybe ¢ oTpakaroummm
comwioM. MI'J] xanan npencrasiser coboi JIMHEHHO pacIIMpSIOMUcsS KaHall C YIJIOM pacTBOpa
22 rpan, mmuHo# 440 MM U momepeuHbIM pazMepoM 40MM. B cepenune 30HBI B3auMoACHCTBHSA
ynciio Maxa notoka M = 4, ckopocTh noroka u = 1,4 10* m/c, temneparypa raza T=350 K,
nasnende p=15top. Munykuus wMarautHoro mons 1,5T. Ha oanexrtponsl unoHM3aTOpoB C
UHTEpBaIoM mnopsaka 10MKC B ompenesieHHOM IOpPSIKE NOJAIOTCS KOPOTKHE HOHHU3YIOINHE
HUMIYJIBCHI

B nmoxiaze OyIyT mpeacTaBIeHB! pe3yabTaThl SKCIEPHMEHTOB IO paboTe CBEPX3BYKOBOTO
MI'1 xanaina, paboTaroIero Ha UMIyIbCHO-IIEPHOANYECKOH HOHU3ALMU BO3yXa (a30Ta).

Pabora BrmmonHeHa mnpu mnojaepxke rpanra POOU 05-01-00446a u mporpammsl
npesuauyma PAH «BzaumoneiicTBHe BHICOKOCKOPOCTHBIX IOTOKOB rasa ¢ Ia3mMoiiy.

JIutepatypa:

1. S.V.Bobashev, A.V.Erofeev, T.A.Lapushkina, S.A.Poniaev, R.V.Vasil’eva, D.M. Van
Wie “Experiments on MHD control of Attached Shocks in Diffuser”, AIAA Paper 2003-0169

2. S.V. Bobashev, A.V. Erofeev, T.A. Lapushkina, S.A. Poniaev, R.V. Vasil'eva, D.M.
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14. GAS DISCHARGE AIR PLASMA IN SUPERSONIC MHD CHANNEL

S.V.Bobashev, A.V.Erofeev, T.A.Lapushkina, S.A.Poniaev, R.V.Vasil’eva, B.G.Zhukov
Ioffe Physico-Technical Institute Russian Academy of Sciences, St. Petersburg

The aim of this project is to produce a uniform volume of air (nitrogen) gas-discharge
plasma moving in a supersonic MHD channel at Mach numbers M = 3-5 with conductivity
sufficient for MHD interaction (St=0,05).

This project is a continuation of the series of earlier experimental studies on possibility to
control attached shocks in a diffuser by the MHD method. Until now this task has been modeled
by using ionized rare gas as a working medium [1]. Attempts to ionize air by the gas discharge
were reported in [2]. Some theoretical results on investigation of nonequilibrium air plasma are
presented in [3].

Until now the different methods of production of gas discharge for creation of diffuse
plasma in non-moving gas were tested. The results show that the most efficient ionizer for air
and nitrogen is a combined discharge produced through isolated pin electrodes with different
ballast resistances. The combined discharge consists of a HF discharge with a frequency of 10
MHz of 2 mks duration and a high-voltage pulse discharge with a duration of 5 mks. As was
shown experimentally the most uniform discharge is made at pressure of about 15 torr.

On the basis of this data the MHD channel with pulse-periodic gas ionization was made. A
flow of air or nitrogen is produced in a shock tube with a reflecting nozzle. The MHD channel is
a 440-mm long linearly divergent channel with an opening angle of 22 degrees. Its transverse
size is 35 mm. At the middle of the interaction zone the Mach number of the flow is M=4, the
flow velocity is u = 1.4 10°> m/s, gas temperature is T=350 K, and pressure is p=15 torr. The
maximum value of magnetic field induction is 1.5 T. Short ionizing pulses are applied to ionizer
electrodes with an interval of 10 mks in a definite sequence.

In the report, results obtained in the experiments with the supersonic MHD channel
operating on the basis of pulse-periodic air (nitrogen) ionization will be presented.

.~ The work was supported by RFBR 05-01-00446a and Program of RAS Presidium
“Interaction of high-speed gas flow with plasma”.
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15. PACYET IIPOBOJMMOCTH IIOTOKA CO3IABAEMOM 3JIEKTPOHHBIM
IIYYKOM JJis1 MI'l YIIPABJIEHUS IIOTOKOM

E.I'. lleiikun
Hayuno-uccredosamenscroe npednpuamue zunep3gykosuix cucmem, Canxm-Ilemepbype
Canxm-Ilemepbypackuil 20cyoapcmeennblil yHugepcumem

Hccnenyercs npouecc GOpMHUpOBaHHS MPOBOAHMOCTH BO3JYIIHOrO MOTOKA € IOMOIIBIO
3MIEKTPOHHOTO My4YKa B INpHIOXKeHHH k npobneme MI'J] ynpasnenus teueHueM. O6cyxnatorcs
BIMSIHHE O3JIEKTPUYECKOr0 M MAarHUTHOTO IIONEH Ha KOHLEHTpAIUI0 3JEKTPOHOB M Ha
MPOBOAUMOCTb IIOTOKAa B HEpaBHOBeCHOH masme. VccnenyeTrcs BIHSHUE HEOAHOPOTHOCTEH
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IIOTOKA Ha IPOCTPAHCTBEHHOE paclpeieeHHe MOIMHOCTH BBIAEIAEMOH 3JIEKTPOHHBIM My4KOM
IpH TNPOXOXICHHH uepe3 BO3NYHMHBIN INOTOK. IIpemoxeH MeTom pacuyeTa KOHIEHTpALUH
3MEKTPOHOB H MPOBOAUMOCTH ILTa3MbI HPOCTPaHCTBEHHO HEOMHOPOJHOTO BO3AYIIHOTO IIOTOKA
CO37aBaeMble INEKTPOHHBIM MYYKOM B YCIIOBHAX XapakTepHeIX 1t MI'J] ynpaBneHus HoToKoM.

15. CALCULATION OF CONDUCTIVITY SUSTAINED BY ELECTRON BEAM IN
MHD FLOW CONTROL APPLICATIONS

E.G. Sheikin
Hypersonic Systems Research Institute, St. Petersburg
Saint-Petersburg State University, St. Petersburg

The process of formation of the air flow conductivity by using electron beam is
investigated in connection with the MHD flow control applications. The electric and magnetic
fields influence on the electron concentration and on the flow conductivity is discussed.
Influence of the flow nonuniformities on the spatial distribution of the energy deposited by e-
beam in the air flow is investigated. The method of calculation of electron concentration and
conductivity of plasma sustained by e-beam in a nonuniform air flow in conditions typical for
MHD flow control applications is developed.

.

16. MI'{ YIIPABJIEHHE IIOTOKOM

B.A.buriopnn, A.H.bouapos, /I.C.bapanos »
Hrcmumym evicoxux memnepamyp Poccuiickou Axademuu Hayx (HBTPAH), Mockea

A.B.Kpacunsnnkos, 10.A.Ilnactunnn
Llenmpanvuolli Hayyno-uccredosamenvckui uncmumym mawunocmpoernus (L{HHHMAIL)
Kopones, Mockosckas obracme

IlpoBeneHbl (QyHIAMEHTaNBHBIE HCCICAOBAHHUS B O0JIACTH MAarHHUTO-IUIa3MEHHOIM
asporvHaMuKkH 1o MIJl  ynpaBneHMIO BHEIUHMMM M BHYTPCHHHMH  TE€UCHHSIMH.
OKCIIEpHMEHTATFHO M TeopeTHyecku uccienoBaiock MI'J] obTekaHue MPOCTEUIIMX TeJ, TAKHUX
KaK Kpyriabli HuwiuMHAp U KiauH. OCHOBHOU 3ajadedl SIBNMANACH OLEHKA CHI)KEHHS TEIIOBBIX
NO0TOKOB ¢ nomornsto MI'J[-B3auMoeiicTBHSI U OLEHKA NOTEHIHMANBHBIX BO3MOXHOCTed MIJ]
MeToJa MOAU(GUUUPOBATH IIOJNIE TEUEHHS Ha BXOJE BO3AYyX03a0OpHMKA THIIEP3BYKOBOTO
JieTaTeNHHOrO anmnapara.

MI']] ynpaBneHHe BHYTPEHHHMH TEUEHHSIMH pacCMAaTpPUBAIOCH KakK 3(ddexTHBHOE
CPENCTBO C TOYKH 3PEHHS MHTEHCH(UKAIMH TMPOIECCOB CMEMICHHS M TOPSHHSA B
BBICOKOCKOPOCTHBIX Ia30-IUIa3MEHHBIX MOoTOKax. B paGote dopmynupyeTcs U HpoBepsAeTCs ¢
HOMOMIBIO YHCJIEHHBIX SKCIIEPUMEHTOB HOBAs KOHIETIINS PEaKLIHOHHOTO 00heMa.

OKCHEPUMEHTAJBHBIE  MCCIENOBAHUS NPOBOJMINCHE HAa JBYX YCTaHOBKax C
napaMerpaMy, ONMHM3KUMH K HaTypHBEIM: TMIIEP3BYKOBOH aspomuHammyeckoil 1pybe LIAIU ¢
MI'l yckopeHueM MOTOKa (THIEpP3BYKOBHIE HCIBITaHHS) M JO3BYKOBOM BBICOKOYACTOTHOM
miasMarpore [THUMMAII mponmomkutensHON HempephlBHOW paboThl (JIo ¥ TPaHC3BYKOBEHIE
ucneitanus). O6e yCTaHOBKH XapaKTepH3YIOTCS MEraBaTTHBHIM YPOBHEM JHEPTHH MOTOKA. DTH
3KCIIEPHMEHTHI COIIPOBOXKAAIUCH OONBIINM 0OHEMOM YHCIIEHHBIX PAcYeTOB C MCMOJIB30BAHHEM
nporpamMMmHoro 61o0ka Plasmaero.
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16. MHD FLOW CONTROL

V.A. Bityurin, A.N. Bocharov, D.S.Baranov
Institute of High Temperatures of Russian Academy of Sciences (IVTAN), Moscow

A.V. Krasilnikov, Yu.A. Plastinin
Central Research Institute of Machine Building (TsNIIMash), Korolev, Moscow region

The fundamental study in the field of magneto plasma aerodynamics, and in particular,
MHD control of external and internal flows is presented. The MHD control of the external
hypersonic flow over the simplest bodies such as circular cylindér and wedge is analyzed
experimentally and numerically to estimate the peak heat flux reduction due to MHD interaction
in up-stream area.

The MHD control of internal flows is considered as an effective way to intensify the
processes of the convective-diffusive mixing in high-speed gas-plasma flows. The new concept
of the reacting volume formation formulated and validated with numerical simulations for such
processes earlier is to be studied experimentally.

The experiments conducted at two sub-full scale facilities: hypervelocity MHD driven WT
of blow-down operation at TsAGI (hypersonic flow tests) and subsonic high frequency
plasmatron driven WT of continuous operation at TsNIIMash (sub- and transonic flow tests).
Both facilities are of MW level of flow power. These experiments are supported by wide range
numerical simulations with PlasmAero family computer code.

17. INTERACTION OF PULSED ENERGY DEPOSITION WITH A NORMAL SHOCK:
EXPERIMENTAL AND COMPUTATIONAL INVESTIGATION

Doyle Knight
Rutgers: The State University of New Jersey, Piscataway, NJ
Hong Yan
Dept of Mechanical and Materials Engineering, Wright State University, Dayton, OH
Taylor Swanson, Greg Elliott, and Nick Glumac
University of lllinois at Urbana-Champaign, Urbana, IL

A joint experimental and computational study was performed to investigate the flow field
resulting from the interaction of pulsed energy deposition with a normal shock wave created in a
supersonic flow with a nominal Mach number of 1.5. The energy is deposited in the flow by
focusing a laser beam from a pulsed Nd: YAG laser. The laser energy absorbed by the deposition
process was 170 mJ resulting in a nondimensional deposition energy as defined by Yan et al. [1] on
the order of 630. The experiments were conducted at the University of Illinois in a newly
constructed supersonic tunnel with a measured Mach number of 1.4. The location of the
unperturbed normal shock is held relatively constant utilizing a second throat and regulating the
incoming stagnation pressure. Laser positions were investigated with the laser spark focused in the
middle of the normal shock at a streamwise location 25 mm before (Case 1) and
approximately at (Case 2) the normal shock location. Both instantaneous and phase averaged
digital schlieren photography images were taken at delay times ranging from S to 220 us relative the
initiating laser spark. The heated region and blast wave are clearly visible, as well as, the resulting
effect on the normal shock train. For Cases 1 and 2 the thermal region created by the energy
deposition process induced a thermal lensing effect on the normal shock as it is locally pulled
forward by the increased speed of sound resulting from the higher temperature which locally
decreases the Mach number. After the heated region passes through the normal shock, the center
of the shock moves slightly upstream resulting in a flattened appearance. As the heated region
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passes through the shock it appears to form into a ring vortex structure with the axis oriented in the
streamwise direction becoming elongated as it convects downstream. The energy deposition and
normal shock interaction was also studied using a two-dimensional numerical simulation utilizing
GASPex to solve the compressible Navier-Stokes equations and a perfect gas model of the energy
deposition process, which has been described previously. [2] Figure 1 shows an image of the
computed Mach number and total pressure contours, and experimental Schlieren image for a
single laser energy pulse (Case 2) upstream of Mach 1.5 normal shock wave-turbulent boundary
layer interaction. Quite clear is the thermal lensing effect on the normal shock wave and the

initiation of the vortex structure, which is observed in both the computations and experiments.
Mach number

Dimensionless pressure

0.55 0.56 057 0.58 055 055 057 058
x (m) x (m)

Figure 1. Computed Mach number (a) and pressure (b) contours and an
experimentally obtained schlieren image of the interaction of laser energy
deposition with a normal shock in a nominal Mach 1.5 flow.
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18. A KINETIC MODEL OF MICROWAVE ENERGY DEPOSITION IN AIR

Yuri Kolesnichenko
Dept of MHD and Low Temperature Plasma, IVTAN, RAS, Moscow
Dmitri Khmara
Dept of MHD and Low Temperature Plasma, IVTAN, RAS, Moscow

Doyle Knight
Dept of Mechanical and Aerospace Engineering, Rutgers University, New Brunswick,
NJ USA

Recent research on microwave energy deposition in air has emphasized its potential for
aerodynamic flow control. In particular, microwave plasmoids have been demonstrated
experimentally to achieve drag reduction of extraordinary efficiency in supersonic flow past
blunt bodies.[1,2] Perfect gas simulations [3] of the interaction of a thin elongated "density well"
(i.e., the thin filament formed within the microwave plasmoid) with a blunt body in supersonic
flow have confirmed the principal effect to be thermal. However, a more detailed real gas
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model is needed for two reasons. First, the timescales for the relaxation of the gas species
following the microwave pulse range from the order of the pulse duration (=1 pus) to the flow
convection time (=10 us). Second, the microwave filament locations are somewhat random.
Since the drag reduction is strongly dependent on the orientation of the filament with respect to
the blunt body shock (i.e., a filament elongated in the direction of the flow and aligned with the
axis of the body yields the largest drag reduction), it is important to develop more detailed
models of microwave energy deposition.

A kinetic model of microwave energy deposition in air has been developed.[4] The
model includes 23 species and 234 reactions. The reaction coefficients of electron-neutral
reactions (excitation, ionization, dissociation, attachment efc) were computed based upon
numerical solutions of the Boltzmann equation for electron energy in an external field using
the code and database EEDF developed at the Insititute for High Temperatures RAS. A
correction factor is applied to field dependent reactions. The gas temperature 7g is
determined by elastic collisions of the electrons, the heat of reactions and rotational heating
through microwave energy deposition.

Results for the simulation of microwave energy deposition in air at 70 Torr and initial 7,
of 200 K are shown in Figs. 1 to 3. The microwave frequency is 9 GHz, and the specified pulse
duration is 1.8 us with a maximum field 3.687 kV/cm (Fig. 1). The electron concentration and
energy deposition are shown in Figs. 2 and 3. The computed gas temperature T, at = 3.6 s is
280 K which agrees closely with the experimental T, = 270 K at the end of the pulse.
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19. UHULIM ALV U HOJAEP)KAHHE CJIABOM JETOHAIIMOHHOM BOJIHEBI B
IOTOKE CO CKOPOCTBIO BHIIIE CKOPOCTH YEIIMEHA-XYT'E C
IOMOIIBIO MUKPOBOJIHOBOI'O PA3PSIJIA

Kupusn B. XonaTaes
QI'VII “Mockosckuii Paouomexnuuecxkuit Hnemumym PAH”

CrnocoOHOCTh MHKPOBOJHOBOTO TOIAKPUTHYECKOTrO paspsga  BBICOKOIO JaBJICHUS
MHUIHAPOBATh U MOJUIEPXKUBATH TOPEHHE B TOPIOYMX TI'a30BhIX CMECAX B BBICOKO-CKOPOCTHBIX
NOTOKax (BIUIOTH JO CBEPX3BYKOBEHIX) IIOKa3aHO TEOPETHYECKH M OKCIIEpHMEHTaNbHO. [1-4]
TeopeTHueckoe HCCIeOBaHUE IIPENCKA3bIBAET, YTO MMKPOBOIHOBBIE pa3psafbl 3TOr0 THNA
CrIocOOHBI HHUIIMHPOBATh HE TOJBKO FOPEHHUE, HO TAKXKe U JAeTOHALMIO. BonokHuCTasA CTpyKTypa
paspsia co3laeT rops4yde aKTUBHbIE HEHTPHI ITOJOOHO aKTUBHBIM TOYKaM B sdeiixax ¢poHTa
JETOHAIIMOHHONW BOJNHEI B pexaMe Yermmena - JKyre. 3To o3HayaeT, YTO HCKYCCTBEHHEIE
aKTHBHBIE TOYKH, CO3AaBacMble MUKPOBOJHOBBIM Pa3psOM B OIpElEIeHHOH 06JacTH MOTOKa
roprioyeif cMecH, MOTyT (OpMHpPOBaTh KBa3HCTALMOHApHYIO Ciabyro (HETOCKATYIO) BOIHY
JETOHALMY B 3aaHHOM MecTe. CTuMynupyemas ciaabas BOJHA JETOHAILUU MOXET CYIIECTBOBATh
B IOMPOKOM JHama30He CKOPOCTH HAaOEraromero I0TOKAa, €CIH OHA IPEBBINIACT CKOPOCTh
Yenmena-XKyre. ‘

[lpuMeHeHHe HNETOHALMOHHOIO pEXHMa  TOPEHHMS B PEAKTHUBHBIX OBMIATeJbHBIX
cucreMax obcyxnaeTcs B TeueHue Gosiee moNOBHHBEI cToneTus. Haubonee mpuBiekaTenbHON
ABJISIETCS M MCIOJIB30BAHUS CTAllHOHAPHOM BONHBI AeToHAlMu. OTMEYeHHBIE CIIOCOOHOCTH
MMKPOBOJIHOBOI'O HOAKPUTUYECKOTO pa3psga IOMOTYT pelate HEKOTOpble IpOoOJIEME,
Kacaroluecs pa3paboTKH peakTUBHBIX JBHraTenei, OCHOBaHHBIX Ha JICTOHAIIMOHHOM FOPEHHU B
CTAIMOHAPHOM PEXUME.

Jlurepartypa:

1. Igor Esakov, Lev Grachev, Kirill Khodataev and David Van Wie. Experiments on
propane ignition in a high-speed airflow with a help of deeply undercritical microwave
discharge. 42nd ATAA Aerospace Sciences Meeting 5-8 January 2004, Reno, NV. Paper AIAA-
2004-0840.

2. I. Esakov, L. Grachev and K. Khodataev, D. Van Wie. Efficiency of Energy Put into
Initiated Microwave Discharge in High- Speed Air Flow and Propane Level of Combustion in It.
43nd AIAA Aerospace Sciences Meeting 10-13 January 2005, Reno, NV. Paper AIAA-2005-
0989

3. K.Khodataev. Numerical Modeling of the Combustion, Assisted by the Microwave
Undercritical Attached Discharge in SupersonicFlow. 43nd AIAA Aerospace Sciences Meeting
10-13 January 2005, Reno, NV. Paper AIAA-2005-0985

4. K. Khodataev. The Ignition of the Combustion and Detonation by the Undercritical
Microwave Discharge. AIAA Plasmadynamics and Laser Conference, 32nd, and Weakly Ionized
Gases Workshop, 4th, Anaheim, CA. Jun 11-14, 2001. AIAA Paper 2001-2941.

19. WEAK DETONATION WAVE IGNITION AND SUSTAINING IN OVER CJ-SPEED
FLOW BY MEANS OF UNDERCRITICAL MICROWAVE DISCHARGE

Kirill V. Khodataev
UFSF “Moscow Radiotechnical Institute of RAS™

The microwave undercritical high pressure discharges ability to ignite and to sustain
combustion in flammable gas mixes in high-speedy flows (up to supersonic flows) is shown
theoretically and experimentally. The performed theoretical study predicts that microwave
discharges of the same type are able to ignite not only combustion, but detonation too. The
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filamentary structure of discharge creates the hot active centers like active points in cells in front
of CJ detonation wave. It means that artificial active points, created by microwave radiation in
definite region of combustible mix flow, will able to provoke the quasi-stationary weak
detonation wave in fixed location. The stimulated weak detonation wave can exist at wide
diapason of oncoming flow speed, if it is more CJ velocity.

Application of detonation regime of burning in propulsive systems is discussed during
more than half century. The most attractive idea is based on use of standing detonation wave in
jet engines. Noted property of microwave undercritical discharge will help to solve some
problems concerning to design of propulsive jet engines based on detonation in continuous
mode.
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20. CONTROL OF FLOW PAST A WING SECTION WITH PLASMA-BASED BODY
FORCES

Datta Gaitonde, Miguel Visbal, and Subrata Roy

The response of the flow past a stalled NACA 0015 airfoil at 15 deg angle of attack and
Reynolds number of 45, 000 to body forces originating from radio-frequency asymmetric
dielectric-barrier-discharge actuators is described via direct numerical simulations. The
theoretical model couples a phenomenologically derived averaged body force with a high-order
3-D compressible Navier-Stokes solver. The body force distribution is assumed to vary linearly,
diminishing away from the surface until the critical electric field limit is reached. Various
magnitudes and orientations of the force field are explored, ranging from vertically upwards
(away from the body) to vertically downwards (towards the body). The imposed body forces
couple to the non-linear inertial terms and the pressure gradients to engender a complex
sequence of events. A significant streamwise component of body force assures the reduction or
elimination of stall with the formation of a stable wall-jet.

When the only component of the force vector is pointed normal to and away from the
surface, no control effect is achieved. On the other hand, when the force vector is directed
towards the surface, a shallower separation region is observed relative to the no-control case, but
is accompanied by unsteady boundary layer development. At the low Mach number considered
(0.1), the work done by the force has little impact on the solution, and density variations remain
less than 5%. Relaxation effects are explored by abruptly switching off the force, and

estimates of response times are noted. The lack of a proper spanwise breakdown
mechanism for the separated shear layer in 2-D simulations results in large coherent structures,
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whose response in transient and unsteady asymptotic states differ significantly from those
observed in 3-D. Nonetheless, if the force is sufficiently effective to eliminate separation, the
flowfield becomes generally two-dimensional and steady in the vicinity of the airfoil, and the
overall results from 2-D and 3-D analyses are similar.

21. COBMECTHOE UCIIOJIb3O0BAHME BAYBA T'A3A U1 CBY PA3PSJA I
YMEHBHIEHUA COITPOTHUBJIEHUS B CBEPX3BYKOBOM HOJIETE

Jlamkop B.A., Mamek U.Y., Auncumosn 10.1., Usanos B.H.
Canxm Ilemepbypeckuii 20cyoapcmeenHblil yHusepcumem
Konecunyenxo 10.®.

Huemumym Beicoxux Temnepamyp PAH, Mockea
A3saposa O.A.

Butyucnumenouviii Llenmp PAH, Mockea

MHKpPOBOTHOBEIH pa3ps/ ABNIETCS HHTEPECHBIM Ia30AHHAMUYECKUM 00BEKTOM, KOTOPBIH
MOXHO HCIIOJIB30BaTh MU CYHIECTBEHHOrO H3MEHEHHs a’3pOJMHAMUYECKOTO COIPOTHBIECHUS
Teja. BuxpeBoe IBIKEHHE B YyJapHOM CJIO€ Ha Teje, BBI3BAHHOE B3aUMOJEHCTBHEM
Bo3OyxaeHHO# mnocnme CBY paspsnma obnacTu rasa, ¢ TONOBHOM yJapHOH BONHOM, eCTh
TIPUHIMITHATGHEINA MEXaHU3M U3MEHEHHUS COIPOTUBICHUS Tena [1].

IMosnydyeHB! HOBBIE pe3yNbTATHl MOBENEHHS JTOOOBOM M OOLUEH CHJI CONMPOTHBICHHS B
Ipoliecce B3aMMOAEHCTBHA TOHKOH OTrpaHMUYEHHOHM IO JUIMHE O0JIaCTH ra3a ¢ IOHHXKCHHOH
INIOTHOCTBIO C YAApPHBIM CJIOEM Ha 3aTyIUIEHHOM IMIMHApe. [IpucyTcTBHE MOTOCTH B UIHHADPE
ycmmuBaeT 3¢ ekt yMeHbIIEHH CHIIBI CONPOTUBIEHHS Npu B3amMmojeiictsnu CBY paspsna ¢
Tenom. O6HApYXEHO, YTO B 3TOM CIyYae CHIa JOGOBOrO COMPOTUBIEHHA MOKET UMETh JBA MU
Tpu MUHMMYMA. UnCIeHHOe MOJeTHpOBaHe OCHOBAaHO HA ypaBHEHUAX Diepa.

IlpoBeneHEl 3KCHEpHMEHTANbHBIE HCCIEJOBAaHMWsS IIOBEACHHSA [aBlleHHs Ha J06oBoOi
HOBEPXHOCTH 3aTYIUICHHBIX TEJ, KOTOphle HMEIOT BHYTPEHHIOIO IIONOCTh, B ycnoBusx CBY
paspsina. DKCHEpHUMEHTH! ITOATBEP/MIIH, YTO BIYB raza B yAapHBIA cioit cuHxponHo ¢ CBY
pa3psIOoM YCHJIMBAaET BHUXDPEBOE [BIDKEHHME, KOTOpPOe BeIeT K CYIIECTBEHHOMY CHHKEHHIO
COIIPOTHBJICHHIO Tena [2].

Jlutepatypa:
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Bodies. AIAA 2004-671. 42™ AIAA Aerospace Sciences Meeting and Exhibit, 5-8 January
2004, Reno, Nevada.

2. Lashkov V.A., Mashek I.Ch., Anisimov Yu.l., Ivanov V.I., Kolesnichenko Yu.F.,
Azarova O.A. Method of Vortex Flow Intensification under MW Filament Interaction with
Shock Layer on Supersonic Body. AIAA 2006-404. 44™ ATAA Aerospace Sciences Meeting and
Exhibit, 9-12 January 2006, Reno, Nevada.

21. COMBINATION OF GAS INJECTION AND MV DISCHARGE FOR DRAG
REDUCTION UNDER SUPERSONIC FLIGHT

Lashkov V.A., Mashek I.Ch., Anisimov Yu.l., Ivanov V.I.
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Kolesnichenko Yu.F.

Institute of High Temperatures RAS, Moscow
Azarova Q.A.
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The microwave discharge is an interesting object, making possible a substantial change of
the bodies' aerodynamic drag. The principal mechanism, leading to the body's aerodynamic
characteristics change is gas vortex motion caused by the interaction of the gas area excited by
the discharge and the shock layer on the body [1].

New results on behavior of front drag force and total drag force during an interaction of a
thin limited length low-density channel — cylinder shock layer have been obtained. Presence of
the cavity in the cylinder body amplifies the effects of drag force reduction in the process of thin
low density channel — shock layer interaction and the presence of two or three minimums in the
front drag force dependence on time is possible. Numerical modeling is based on the Euler
equations.

Experimental research has been conducted to study the pressure behavior on the blunt
body's front surface in the circumstances of the microwave discharge, using a model with a
hollow inside. The experiments have proved that the injection of gas into the shock layer
synchronized with the microwave discharge boosts the vortex flow, which leads to a significant
reduction of the body's drag [2].
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© 22. CBY PA3PSAJIbI B BBICOKOCKOPOCTHOM IIOTOKE: OCHOBHBIE
CBOMCTBA U IIPUMEHEHHE

B.M.IlIn6koB, A.Jl.A6pamoBa, A.®.Anekcanapos, B.A.Uepuukos, A.IL.LEpmos,
A.A Kapaues, P.C.Koucranrnnopckuii, JI.B.IIluoxosa, B.B.3106un
Dusuveckuii paxynomem MI'Y um. M.B.Jlomonocosa, Mockea

B nokname npeactaBieHBI pe3yNbTaThl ‘MCCAENOBAHHH HH3KOTEMIIEPATypPHOH IIa3MBl
CBU pa3spsanos, BHIIONHEHHBIE B TEYEHHE NMOCIEAHUX JieT Ha ¢uzuueckoM akynstere MIY
uMm. M.B.JIomoHocoBa.

Iloxazano, 4TO HMMMYJNbCHAs MOLIHOCTH, HEOOXOAMMAs AJISA CO3JaHHS TMOBEPXHOCTHOIO
CBY paspana B IIMpOKOM AHMamasoHe AaBneHuil Bosayxa 107°+10° Top, He mnpeswlnaer
penuuuHel 10 kBT Paspan npexnctasnser coGoi TOHKHMI Nna3MEHHBIA CIOH, paBHOMEpPHO
IIOKPBIBAIOIIMH BHEIIHIO MOBEPXHOCTh @aHTEHHBl. CKOPOCTh paclipoCTpaHEHHS pa3psjia MOXKET
nocturaTh BenuuuHbl 100 kM/c, 4TO Ha HECKOJBKO MOPSAKOB BEJIHYHHBI MPEBHIIIAET CKOPOCTH
3ByKa B Bo3ayxe. Bonna npobos onpenenseT CKOpOCTbh PaclpOCTPAHEHHs IOBEPXHOCTHOIO
paspsna B IEpBHIE MOMEHTHl €ro BO3HHMKHOBeHMs (t=1-3 Mkc). AmOunonspHas nuddysus
OTBETCTBEHHA 3a MEXaHM3M pacCIpPOCTPaHEHHUS pa3psiia B cTaguy ero pas3ButHs (t=3-100 mkc),
TOrJa KaKk MeXaHHM3M MEJUICHHOTO TOpPEHHs BO3MOXEH TOJIbKO Ha CTallHOHApHOH CTainH
cymecTBoBaHHg paspsga (t>100 Mxc). DnekTpuyeckoe II0J€ JIOKATM30BaHO B TOHKOM
IPHIIOBEPXHOCTHOM CJIO€ TONLIMHON ~1 MM. Bonbioe 3HaueHHe IPUBENCHHOTO 3NEKTPUYECKOTO
nons E/n=100-500 Td Benet x a3¢dbdexkTHBHOMY BKJIafy SHEPTHH B MIa3My, TO €CTh K OBICTpOMY
Harpesy rasa M dpdexTHBHON HapaboTKe aKTUBHBIX H 3apsDKEHHBIX 4acTHIL. TeMmreparypa ras
nocturaet 1000-2000 K, a Ha HauanbHOHM cTaguu (GopMHpOBaHHS MOBEPXHOCTHOTO paspsia
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HabmonaeTcs GBICTPHIM HarpeB Bo3ayxa co ckopocThio ~70 K/Mxkc.

IIpu ¢opMupoBaHHH TOAABIAOMETr0 OONMBIIMHCTBA BHAOB TIa30BOTO  paspsja
UCIIONB3YIOTCSI OJHO- UJIM MHOTO3JIEKTPOJHBIE CUCTEMBI IOABO/IA SHEPIHH, YTO C IPAKTHIECKOH
TOYKH 3pEHUS MAIONPUTOJHO I AMCTAaHLIMOHHOIO CO3JAaHHs IUIa3Mbl B 33aHHOM oOnacTu
npoctpaHctBa. M ymmb  O€33JEKTPONHBIE CHUCTEMBI, HCIONB3YIOINHE JUIA  [OJBOAA
3JIEKTPOMATHUTHOW SHEPruH CPOKYCHPOBAHHBIE IYYKM, HICATHHO MOAXOMAT MU STOU IENH.
Cobonno noxanuzopanHblit CBY pa3zpsan B BOJHOBBIX MOJISAX SBJIAETCS OJHOM M3 TAKUX CHCTEM.
B cnyuae cBOOOIHO JOKAIH30BAHHOTO pa3psia MEKTPHUECKOE II0Je JIOKAIM30BaHO B 00JacTu
kKaycTuku cgokycupoBanHoro CBY myuyka. Jrta Jokanu3alus He 3aBUCUT OT TOLO, YTO
3NEKTPOMarHuTHas sHeprus Gokycupyercs JIu00 B HEMOABMIKHBIN, 100 B OBIDKYLIMICS ra3. A
TaK Kak 1po0o# rasa B ycloBHAX cBoOomHO nokanuzoBanHoro CBY paspspa mpoumcxomut 3a
BpeMs MeHbIIlee, YeM BpeMd NpOTeKaHHs rasa uyepe3 obaacTb 3aHATYIO Pa3psaioM, TO pa3psj HE
CIIyBaeTCsl CBEPX3BYKOBBIM IIOTOKOM BO3[yXa.

OKCHEpUMEHTAIBHO MCCIEJOBAaHO BOCIUIAMEHEHHE CBEPX3BYKOBOTO IIOTOKa MpPOIMaH-
BO3AYLIHOM CMECH ¢ MOMOIIBI0 CBOOOAHO NokanuzoBaHHoro CBY paspsga, noBepXHOCTHOrO
CBUY paspsina u xom6unupoBanroro CBY paspsna. Ilokasano, uro Bce Tunsl CBY paspsinos
OPUBONAT K HAIEKHOMY BOCIUITAMEHEHMIO YIJIEBOJOPOAHOTO TOINHMBA. Peamn3oBaHo
CTallMOHAPHOE TIOpeHHe NpONAH-BO3AYIIHOTO CBEPX3BYKOBOIO IIOTOKA B  YCJIOBHSX
xoMmbuHaUpoBanHOro CBY paspsaa u paspsaa HOCTOSHHOTO TOKA. .

Jns HaxOXXHEHWS CTENEeHW BIUSHHS pa3lTUYHBIX KAHAIOB Iepeladyd JSHEPrHd Ha
BOCIJIAMEHEHHME TOPIOYMX CBEPX3BYKOBBIX IIOTOKOB pa3paboTaHa KHHETHYECKas MOJeNb
ropeHHs BO3yIUHO-YIJIEBOJOPOAHBIX cMeceH, YYUTHIBAIOIIAS BIUSHUE 3JIEKTPUUECKOTO OIS
Ha IpOLECCHl JUCCOIMALUU MONEKYT U CO3JaHUS aKTHBHBIX DPaJHMKaNIOB, BO30YXICHHBIX H
3apsKEHHBIX YaCTHIl B YCJIOBUSIX HEPABHOBECHOH razopaspsiiHOM Mna3Mbl. BBIABICHO CHIBHOE
BIIMSTHUE BEJTHYMHBI IIPUBEACHHOTO AJIEKTPHYECKOrO IOJIST Ha MHIYKINOHHBIH EpHOI.

Pabora momnepixana PoccuiickuMm ¢GoHIOM (yHIaMEHTATBHBIX HCCIENOBAaHHM (TIPOEKT
PODU Ne 05-02-16532).

22. MICROWAVE DISCHARGES IN HIGH-SPEED FLOW: FUNDAMENTALS AND
APPLICATION

V.M.Shibkov, A.D.Abramova, A.F.Aleksandrov, V.A.Chernikov, A.P.Ershov,
A.A..Karachev, R.S.Konstantinovskij, L..V.Shibkova, V.V.Zlobin
Physical Faculty of the Moscow State University

The results of researches of low-temperature non-equilibrium microwave plasmas which
have been carried out at Physical Faculty of the Moscow State University within last several
years are submitted in the report.

The surface microwave discharge is shown to represent a thin plasma layer that uniformly
covers the antenna surface. In experiments, the yeak pulse power necessary to excite the
discharge in a wide range of air pressures from 10~ to 10° Torr is no higher than 100 kW. The
discharge propagation velocity may be as high as 100 km/s. The breakdown wave defines the
velocity of the discharge at its early stages (t = 1-3 us). Ambipolar diffusion governs the discharge
propagation at the stage of its evolution (t = 3-100 us), and, finally, slow surface combustion is
possible only at the stationary stage of the discharge (t> 100 ps). The electric field is localized in a
thin (~1 mm) surface layer. High values of the reduced electric field, E/n=100-500 Td, provide
efficient energy deposition to the plasma, i.e., favor the rapid heating of the gas and the efficient
generation of charged particles. It is shown that the gas temperature may rise to 1000-2000 K,
rapidly increasing (with a rate of ~70 K/ps) at the early stage of discharge evolution.

Most of gas discharges are produced with the use of single- or multiclectrode energy
supply systems. From the practical standpoint, such systems are poorly suited to remotely
control plasma production in a certain spatial region. Electrodeless systems in which freely
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localized discharges are produced using focused microwave beams are best suited for this
purpose. In a freely localized discharge, the electric field is localized in the waist region of a
focused microwave beam. Gas breakdown in a microwave discharge occurs over a time that is
shorter than the time during which the gas propagates through the discharge; therefore, the
discharge is not blown off by the supersonic flow.

The ignition of supersonic flow of a propane-air mixture with use of freely localized
microwave discharge, surface microwave discharge, and combined microwave-direct current
discharge was experimentally investigated. It was shown, that the all types of the discharges
result in a reliable ignition of hydrocarbon fuel. Combustion of a propane-air supersonic stream
is realized under condition of the combined surface microwave and direct current discharge.

For finding-out of influence of different channels of energy transfer on ignition of
combustible mixtures in supersonic flow the kinetic model of ignition of hydrocarbons-air
mixtures at taking into account of influence of electric field on processes of dissociation
molecules and creation of the active radicals, excited and charged particles under conditions of
non-equilibrium plasma of the gas discharge was developed. Mathematical modelling has
revealed strong influence of the reduced electric field on induction time.

The work was supported by the RFBR (grant #05-02-16532).

23. 9JIEKTPOMATHHTHOE YCTPOUCTBO JJISI BO3JAENCTBHUS HA
CTPYKTYPY CBEPX3BYKOBOI'O OBTEKAHUS TEJIA BPAIIEHUSA

B.A. Caxapos, H.I1. Menne, C.B. bo6amen
Qusuxo-mexruyeckuii uncmumym um. A.@. Hogpgpe PAH, C.-Ilemepbype
D. M. Van Wie
Johns Hopkins University, Laurel, Maryland, 20723, U.S.A.

B Hacrosmedi pabore MpemNokKEHO, CO3JaHO W HCIBITAHO JJIEKTPOMAarHUTHOE
YCTpPOHCTBO, KOTOpO€ MOMEINAETCS BHYTPH MoJENH, 0OTeKkaeMoOll CBEPX3BYKOBBIM IIOTOKOM.
Mopnens npencrapnseT coboll nuMMHApP 28MM B UaMeTpe, NEPEXOIAINNN B KOHYC C PacTBOPOM
60°. BHyTpH HMJIHHAPHYECKOHN YacTH BOJHM3M MOBEPXHOCTH pa3MelaeTCs MarHUTHas KaTyllka,
cogepxauias 20 BUTKOB MEAHOTO NpoBoja AHaMeTpoM 1MM. OOHMH KOHEL KaTyIKH COJIEHOUJA
NPHCOCAMHEH K OJIEKTPOAY B BHIE METAJUIMYECKOro KOJIbLA, pa3sMEUIEHHOIO B MeECTe
COYJIEHEHHs] LMIMHIpAa M KOHyca. BHomb OCH Tena MOMEWEH LEHTPAIbHBIA 31EKTpOL,
HpENCTaBNAIOMWMI co60lf MenHbIt cTepxxeHh 6MM B jgumerpe. OOMH KOHEN CTEPXKHA
3aKaH4YMBAECTCS KOHYCOM C pacTBOpoM 60° u oOpa3yeT nepenHIO KOHHUYECKYIO YacTb MOZEIH.
BTopo#i KkOHel CTepXHS M BTOpOil KOHEN KaTyLIKH-COJICHOHAa COEOMHEHBl € BBIXOJAMH
HCTOYHHKA HanpshkeHHs. B kadecTBe MCTOYHMKA MMITYJIBCHOTO HAIpPAKEHHS HCIONB3YyeTCs
JUHUS C pacnpeleNieHHBIMH IapaMeTpamu, cocrosmas u3 14 LC sueek, xotopas mnepen
9KCIIEPUMEHTOM 3apsbkaeTcs 0 HampsbkeHHus B auanasoHe 300-700 V. B anextpuveckyro nens
NMTaHHA YCTpOHCTBA BKJIIOYEH HMITYJIBCHBIH TpaHCOpMAaTop, KOTOPHIH HHHLMHMPYET pas3psn
MEXIy ABYMs 3JIEKTPOJaMH: KOJIBLIOM U NepeaHeld KOHHYecKol 4acThio CTepKHA. TOK paspsina,
NPOXOJs MO KaTyIIKe, TeHepHpYeT MarHUTHOE Ioje coneHouaa. MarHuTHoe 1osie MpUBOAMT
Pa3psiIHbIA IIHYp BO BpallleHHe BOKPYI IOBEpXHOCTH KOHYyca IoA AehHcTBHeM cuibl JlopeHna B
a3MMyTaJbHOM HaIlpaBlIeHUH. B Hammpx onsiTax THIIMYHBIE TOKH pa3psaia COCTaB/UM ~ 1kA, a
AnuTenbHocTh paspsana 1.0-1.5 mc.

Mogens momMemanack B CBEPX3BYKOBOH MOTOK a30Ta C IapaMeTpamMy: JAaBJIEHHE ~
50 M6ap, moTHOCTS rasa ~ 0.04 kr/m® (dact/cm’), Temnepatypa ~ 400 K, ckopocTs ~ 1600 M/c,
yucio Maxa 4, cranpoHapHble IapaMeTpbl IOTOKa COXpaHSJIHCh B TeYEHHH ~ 1.5Mc. B 3tux
YCHIOBHSAX C IOMOIIBIO CHELHANbHOH BBHICOKOCKOPOCTHOH ¢oTorpaduu H3Mmepsnach yacToTa
BpallleHHUs pa3psAfHOro IUHypa. B 3aBHCHUMOCTH OT HallpaBJIEeHMs TOKa pa3spsia 4acToTa
BpaieHHs MeHsaack ot 15 no 30 kI

Kaptuna oftexaHuss Momenu CBEpPX3BYKOBBIM IIOTOKOM pETHCTPHpPOBANACh LIHpPEH-
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METONOM. YCTaHOBJIEHO, Y4TO YHApHO-BOJHOBAs CTPYKTypa HOTOKa IIPH TEHEpaluH paspsia
CYUIECTBEHHO MeHsIeTCs o CPaBHEHHIO c KapTHUHOM oOTeKaHus oe3
MauutoruapoauHamuueckoro (MI'J]) BoznedicTeus. KOHCTpYKUHSA IpejnaracMoro ycrpoiicraa
coeqMHsET B cebe Bce HeoOXoauMBle i opranusanuu s¢gdextuBHOoro MI'Jl B3amMoseiicTeus
5aeMeHTHl  (MarHMTHBIA HMHAYKTOpP M CHCTEMY  OJJIEKTPOZIOB), Jenas  BO3MOXKHBIM
3KCIEpUMEHTaNbHOe Mogenupoadue MIJ[ mpoueccoB NpH BHEIIHEM OOTeKaHWH. SIcHbI
¢u3MYeCKHi TPUHIHAIN U IPOCTOTa KOHCTPYKIIHU ITO3BOJIAIOT HE3ABUCHMO H3MEHSATH BEJIHYMHbI
TOKa ¥ MAarguTHOrO MOJf, a TaKkkKe MOAU(UIHMPOBATE PaCCMOTPEHHYIO CXEMY YCTpOMCTBa B
IaHe M3MEHEHHUsS] pasMepoB MOJENH M YCHOJIb30BaHHMS DPa3slIMYHBIX JJIEKTPOAHBIX CHCTEM B
COOTBETCTBHE C 3aJla4aMU UCCIICTOBAHUS.

Pa6ota semonnena npu nomaepxke EOARD (npoexktr MHTLI Ne 2009) u IIporpammesr
IIpesunuyma PAH No 20 (2002-2005 rr.).

23. AN ELECTROMAGNETIC FACILITY FOR PRODUCING AN IMPACT ON A
SUPERSONIC FLOW ABOUT A BODY OF REVOLUTION

V.A Sakharov, N.P. Mende, S.V. Bobashev
A.F. Ioffe Physico-Technical Institute of Russian Academy of Sciences, Saint-Petersburg
D. M. Van Wie
Johns Hopkins University, Laurel, Maryland, 20723, U.S.A.

The aim of the present work consists in designing, manufacturing, and testing an
electromagnetic facility that can be housed inside a body abounding in a supersonic flow.

The model is a 60° sharp cone mated with a cylinder. The cylinder diameter is 28 mm.
Inside the cylindrical part, near its surface there is a magnetic coil consisting of 20 turns of
copper wire of 1 mm in diameter. Near the plane of mating the cone and cylinder there is a metal
ring serving as an electrode connected with one end of the coil. Along the body axis the central
electrode is located (brass bar of 6 mm in diameter with the conical nose part). The central
electrode and the second coil end are connected with an external voltage source. The voltage
source is a circuit consisting of LC cells charged up to needed voltage. In the circuit a pulsed
transformer is connected in series. With the help of transformer an electric discharge is initiated
between the central and ring electrodes. The discharge current flowing through the coil
establishes the magnetic field. The magnetic field causes rotation of the linear electric discharge
around the cone surface in the azimuthal direction. The heating of the gas by the electric current
should cause variation of the flow parameters and flow structure as a whole.

The proposed device was tested in a supersonic nitrogen flow. The flow parameters in the
mainstream in front of the model were: pressure 50 mbar, density 0.04 kg/m3, temperature 440
K, velocity 1600 m/s, and Mach number 4. The constancy of the parameters is retained during
~1.5 ms. The pulse of the electric current through the electromagnetic device possessed
approximately the same duration and attained ~ 1 kA in amplitude. Two Schlieren patterns of the
flow about the body of revolution — with no electrical discharge and with the presence of it
demonstrated strong influence of the rotating electric discharge on the supersonic flow structure.

The frequency of rotation of the discharge was detected with the help of a high-speed
photo recorder. This frequency depends on the direction of the electric current and in our
experiments varied from 15 to 30 kHz.

The device described, in our opinion, paves the way to a new and interesting approach to
magnetohydrodynamic (MHD) control of supersonic flows. The design of the device combines
all components necessary for implementation of an effective MHB interaction — magnetic system
and set of electrodes, and makes it possible to model MHD processes in external flows. Clear
physical principle and simplicity of the design allow one to vary independently the current
strength and magnetic induction, as well as to simply modify the device varying its dimensions
and employing various systems of electrodes in accordance with the problem under study.
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24. KHHETHYECKOE MOJEJIMPOBAHUE P?pAHMOﬂIEﬁCTBHH CBY 110JIA
C PACITAJAIOIIEUCS JIASBEPHOU IIVIAZMOH B BO3JAYXE

10. ®@. Konecuuuenko, Jl. B. Xmapa
Hucmumym Buicokux Temnepamyp PAH, Mockea

[IpoBeneHo yKCIEHHOE MOJETHPOBAHHE pacriajia JIa3epHOH IIa3Mbl, IIPOaHATH3UPOBAHbI
pexumbl B3auMoneiicteuss CBY mons ¢ pacnaparommeiics mina3moif ‘nasepHo#t uckpel. Llenbro
KHHETHYECKOTO MOJICIHPOBaHHs sBIANach oleHka ycnosuil muunuanud CBY paspspa Takoit
rmnasMofl.  Ompenensnuce BpeMEHHBIE MHTEPBABl, B TEUCHHE KOTOPBIX OCTAaTOYHas
KOHIIEHTpalMA JJIEKTPOHOB M ILIOTHOCTh Ta30BOM Cpenpl HOCTATOYHBI IJIi NPOHUKHOBEHHUS
BHemHero CBY  ponsa. IlpoGnema pasgeneHa Ha JBe MOCIENOBAaTeNbHBIX — 3alayu:
MOJIeJIMPOBaHHE pacriajia jJa3epHo# miasMel U Mojenuposanue CBY B3aumomedcTBUs € TakoH
I1a3MoH.

Jlns peleHus nepBoi 3afauy NPHHAT NOAXO, KOra 3a HayajbHbIe YCIIOBHS IIPHHIMAeTCs
COCTOSHME  Jla3epHOM  IUTa3Mbl, KOTOpO€  JKCIEPHMEHTAJBHO  ONpENeNeHO  Kak
TepMOIMHAMHYECKU PAaBHOBECHOE, X0/ TEMIIEPATyphl OT BpeMeHH Oepercs U3 skcrepuMenTa [1],
a Jajee KHHETHYECKH pACCUHTHIBAETCS ONIEKTPOHHA! KOHIEHTPAlHUs/MpOBOIUMOCTh B
pacnagatomnefics obnactu. Ilokazano, yro pexkoMOMHALMOHHBIN XapakTep pachajaroleics
IJa3Mpl  OPUBOAMT K  OTKIOHEHHIO KOHUEHTpAUMd  3apsXKEHHBIX YacTHLl OT HX
TepMOJHHAMUUECKUX 3HAUEHHH B CBEPXPaBHOBECHYIO CTOPOHY. DTO OTJIMYME CTAHOBHTCS BCE
GoJee 3aMETHBIM B IIpOIiecce OCTHIBAHUS ra3o-IuasMeHHol obnactu. Ilpy HU3KKX TeMnepaTypax
raza (nopsaxa 3000K u Huxe) pexoMOuHauus BedeT K ObicTpoit mewoHusanuu nnasMmsl [lpu
sToM BHemHee CBY anextpudeckoe nojie HaUMHAET IIPOHUKATD B IIa3My.

Tpu pexuma Bzaumoneiictus CBY myyka ¢ pacnagarommeiics nazepHoi mia3smoil MoryT
ObITH BBIIETICHB! IpU aTMoc(epHOM AapneHuu. IlepBriit nmpencrapnseT coboit uannuanmio CBY
pa3psia Ha CHJIBHO NPOBOIALNEH JazepHOH IUla3Me M IO BpeMEHHM orpaHuueH nepspmMu 80
MHKpoCeKyHnamu. Bropoii pexuM mnpexncrtaBnseT coboit ununuaumio CBY  paspspa
nocpeacTBOM Mpo6os pa3peXxeHHOH H yMepeHHO-NpoBosLIeH obnacTu uckpsl, koraa CBY none
HaYWHAaeT MNpoHMKaTh B Hee. M mocnemuuit pexxuM SBJISETCA HArpeBoM IUTa3Mbl (WM
JUccUnanyeil 3Hepruy) B NOAIIOPOrOBOM HEBO3MYMIEHHOM IIOJIE, NPHBOMAMIMM K TeHEepaluu
yaapHOH BOJMHBL. DTOT peXXHM IPOCTHPAETCS BO BPEMEHH J0 HECKOJBKHX COTEH MHKPOCEKYHI.
IlpencraBneHp! 3aBUCHMOCTH BBIAENCHHBIX PpEXHUMOB OT HCXOMHOIO JaBICHHS rasa,
uHTeHcHBHOCTH CBY BOJIHEI M ANUTENTHHOCTH MHUKPOBOJIHOBOTO HMITYJIBCA.

Jluteparypa:
1. Glumac N., Elliott G., and Boguszko M. Temporal and Spatial Evolution of the Thermal

Structure of a Laser Spark in Air. 43rd AIAA Aerospace Meeting and Exhibit, AIAA Paper
2005-204.

24. KINETIC MODELING OF MW FIELD INTERACTION WITH DECAYING LASER
SPARK IN AIR

Yu. Kolesnichenko, D.Khmara
Institute of High Temperatures RAS, Moscow

Numerical investigation of laser plasma decay is carried out and regimes of MW filed
interaction with decaying laser plasma are analyzed. The aim of kinetic modeling is in evaluation
of conditions for MW discharge origination during MW interaction with decaying laser spark.
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The conditions are in determination of the time range when residual electron concentration and
medium density make the plasma domain transparent one for an external MW irradiation. The
problem is divided into two successive tasks: the modeling of laser spark decay and modeling of
MW interaction with decaying laser spark.

The idea is, starting from the plasma condition, which is experimentally detected as local
thermal equilibrium and taking as a guiding parameter experimentally measured gas temperature
evolution [1], calculate evolution of electron concentration/conductivity in decaying domain. It is
shown that recombining character of decaying plasma results in deviation of charged particles
concentration from their thermodynamic values to over-equilibrium ones. The difference
becomes more and more significant while gas temperature goes down. At low gas temperatures
(about 3000K and less) the recombination leads to rapid de-ionization of plasma domaln At the
same time the incident electric field is able to penetrate inside this domain.

Three regimes of MW beam interaction with decaying laser plasma can be distinguished
for atmospheric air pressure. The first is MW discharge initiation on highly conductive laser
plasma and is limited by the first 80us. The second regime is initiation of MW discharge via
breakdown in rarefied and moderate-conductive spark domain when electric field begins to
penetrate in it. And the last is spark plasma heating (or energy deposition) in sub-breakdown
undisturbed field, resulting in shock waves generation. This regime ranges in time up to several
hundreds of microseconds. The results of investigation of regimes dependence on gas pressure,
MW field intensity and MW pulse duration are presented.

References:

1. Glumac N., Elliott G., and Boguszko M. Temporal and Spatial Evolution of the Thermal
Structure of a Laser Spark in Air. 43rd AIAA Aerospace Meeting and Exhibit, AIAA Paper
2005-204.

25. ACMMIITOTUYECKHUE MOJEJIA YIIPABJIEHUSA TEYEHUEM B
IIOI'PAHUYHOM CJIOE

N.WN. JInnaros
Lenmpanvuwiii Aspozuopoounamuseckuti Hnemumym (LJAT'H), Mocxk. o6a.

HccnenoBans! JIOKAJIBHBIE TEUEHUS B JIAMUHAPHBIX IOTPAHUYHBIX CJIOSX B NMPUCYTCTBHUU
HarpeBaTeNbHBIX 3JIEMEHTOB, PAcHOOXKEHHBIX Ha NOBEepXHOCTH. Ha 0OCHOBE acHMIITOTHYECKOTO
aHanu3a copMyNMUpOBaHbl MaTeMaTHYeCKUe 3aJa4d U HalIeHbl NapaMeTphl IoX00Hs.
Omnpenenens!l napaMerpsl, 00eCEYNBAIOIINE YHPAaBICHUE TE€YEHHEM (OTPHIB, YCTOHYHBOCTS).
IpencrasneHs! pe3ybTaThl YUCICHHOTO ¥ aHATHTHYECKOTO aHaJIH3a.

Cpenu pa3iauYHBEIX METONOB YIPABJICHHS TCYCHHMEM B IIOTPAHUYHBIX CJIOSX OJHHM H3
HanboJlee U3y4aeMbIX B HACTOSIIEE BpeMs SBIISETCS METO, CBSA3aHHBIH C BBIACIICHUEM SHEPTHH
BCJICACTBHE 3JIEKTPUYECKOTO Pa3psiia HITH HarpeBaHHs MOBEPXHOCTH.

[lens HacTosmielt paGOTHI 3aKIIOYAETCA B aHAIM3E BO3MOXKHOTO BIIUSHUS JIOKAJBLHOTO
HarpeBaHHs MOBEPXHOCTH IJIS OIpeNeNeHUs BIMSHHS Ha TEYCHUE B IOTPAHHYHOM CJIOE U B
HAaX0XJCHUM ONTUMAJIbHBIX [1aPaMETPOB HAaIPEBATENbHBIX JJIEMEHTOB.

[penmomnaraercs, 4T0 Ha IOBEPXHOCTH OOTEKAEMOTO Tella PaCHOJOXXEHB! Y4acTKH, ¢
TEMIIEpPATypol, OTJIMYHOX OT TeMIepaTypbl raza B HEBO3MYIIEHHOM IIOIPaHHYHOM CJIOE.
Ilpennonaraercs Takyke, 4YTO M3MEHEHHE TEMIEpaTyphl MEHSETCs co BpeMeHeM. IlpakTuuecku
peanu3oBaTh TakoH METON YIpaBIEHHS JOCTATOYHO  JIETKO, HCIIOJNB3YS  IOJOCKH
3JIEKTPONpOBOAALIEero Marepuana. [IpyMep npuMeHeHHS Takoro METONA YIPABJICHHS OIMCaH,
Harpumep, B pabore. [1]

HanGosee BakHBIM (AaKTOpPOM, CBS3aHHBIM C OJHEPrOBBIOCIICHHEM @pH Harpese
IIOBEPXHOCTH SIBJISIETCS M3MEHEHHE IUIOTHOCTU B OONIACTH, HAa KOTOPYIO BJIMSIET HarpeBaHUE.
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CrpykTypa TeueHHS B 3Toif obnacTM oONpenensercs MNpOLECCaMH  KOHBEKIHMH H
TEIJIONPOBOAHOCTH. V3MeHeHHe IIOTHOCTH (YMEHBILIEHHE NpH Harpese) OyNeT NpHBOAMTE K
H3MEHEHMIO TOJNIIHHBI MorpaHuyHoro cnos. CHTyalus B 3TOM CIydae CXoXa ¢ oOTeKaHHeM
JIOKANBHBEIX HEPOBHOCTEH, pAacIONOXKEHHBIX Ha JHE MOrpaHHYHOTO CJIOf, B Cllyyae Harpema
3¢deKTHBHAs HEPOBHOCTH HOPMHUPYETCS M3-32 M3MEHEHHUs MIIOTHOCTH. OTIHYHNE COCTOUT B TOM,
yto ¢Qopma HEpOBHOCTH, QopMupyromieiics NpH  HarpeBe 3apaHee HeusBecTHa. Panee
MPOBEEHHBI aHAM3 JIOKATBHBIX TEYEHHH OKONO HEPOBHOCTEH MO3BONMA CHOPMYTHPOBATH
MaTeMaTHYeCKHeE 3a/Jaud M HalTH [TapaMeTphl, BIUSIONINE Ha TEYEHHE B TIOTPAaHHYHOM clloe. [2]

[Ipeanonaraercs, 4YTo 4uciO PeHHONBACA BEIMKO, HO HE IPEBOCXOAMT KPHTHYECKOH
BEJIMYHMHEL, IIPU KOTOPOi MOXKET NPONCXOJUTH JJAMUHAPHO-TYPOYIEHTHBIN NEPEXO.

B pabote mpoaHaIM3HpOBaHBl pa3MYHBIC NapaMeTphl obnacTed JIOKaJIBHOTO Harpesa.
IMoka3zaHo, YTO MaTeMaTH4YecKas 3alaya CYIIECTBEHHO 3aBHCHT OT IPOAOJIBHBIX H IOIEPEUHBIX
MacmtaboB 00nacTd HarpeBa, a TaKKe OT XapakTepHOro Maciutaba BpeMeHH (s
HECTAllMOHAPHBIX PEXUMOB HarpeBa). B pe3yapTate aHanusa I10Ka3aHa BO3MOJXKHOCTb
YCTpaHEeHHs OTpbIBa IMOrPaHMYHOIO CJIOS 3a CYET JIOKANBHOrO HarpeBa. Takke MOKa3aHbI
BO3MOHOCTH YTIPaBJICHHS pa3BUTHEM BOJIH HEYCTOHYMBOCTH B MOTPAaHUYHBIX CIIOfAX.

JIns HEKOTOpBIX 3anay MOJY4YEHB! pe3yJbTaThl YUCICHHOIO PEIUEHHS. DTH pe3ysbTaThl
COOTBETCTBYIOT HEJWHEHHBIM peXuMaM, IIPU KOTOPBIX HM3MEHEHHs TEMIepaTypbl SBISIOTCS
KOHEYHBIMH. JIJI1 OTHOCHUTENBHO MalbIX M3MEHEHHH TeMIIEpaTyphbl NONYYEHB! AHATUTHYECKHE
pelleHHs. '

IIpencraBneHHble pe3ynbTaThl MPEACTaBISIOT MHTEpEC NPH aHAJU3€ U APYTMX METOHOB
ynpasieHus TedyeHueM. Hampumep, SHEproBblIETICHHE 3a CYET 3MEKTPUUYECKOrO pa3psia TaKkxke
MOXET OBITH OIHMCAHO C MCHOJB30BaHHEM Mopesel, chopMyIHPOBAHHBIX AN HOBEPXHOCTHOTO
Harpesa.

B pabore ofcyxnaroTcs INEpCHeKTHBBI NalTbHEHINIMX MCCIICIOBAHHH, CBS3aHHBIE C
NPOBEICHUEM DKCIIEPUMEHTOB M [IPAKTHUECKUMH TPHIIOKEHUAMH Harpepa Ul BO3NEHCTBUA Ha
OTpBIB (CTAMOHAPHBIN MITH HECTAIIMOHAPHBIN) U Ha pa3IHYHbIE BUABI HEYCTOHUNBOCTH.

- Jlureparypa: :

1. N. Yurchenko, G.Voropaev, R. Pavlovsky, P.Vinogradsky, A. Zhdanov, Flow control
using variable temperature boundary conditions, 2003, Proc. European Fluid Mecahics
Conference EFMC-2003, Toulouse 24-28 August, France.

2. B.. Hei#tnanp, B.B. Boronenos, I'.H. Jdynun, U.M. JlunaroB. ACHMIOTOTHYECKHE 3aaUH
CBEPX3BYKOBBIX TeUCHHUH Bs3koro raza 2004. Gusmartiur. 2004.

25. ASYMPTOTICAL MODELS OF BOUNDARY LAYER FLOW CONTROL

LI. Lipatov
Central Aerohydrodinamic Institute (TsAGI), Moscow reg.

Investigated are local flows in the laminar boundary layers in the vicinity of heating
elements. On the basis of asymptotical analysis mathematical models are formulated and
similarity parameters are found. Determined are flow parameters providing flow control
(separation, transition). Presented are results of numerical and analytical analysis.

Among different methods of boundary layer flow control one of the mostly investigated
now is a method associated with energy release due electrical discharge, surface heating or
cooling.

The aim of this paper is the analysis of possible application of the local surface heating to
determine response of the boundary layer flow and to find optimal heating elements parameters.

It is supposed that on the surface of the body are located heated parts, having temperatures
different from the gas temperature in ambient boundary layer flow. It is supposed that
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temperature difference may change with time. Practically this method is easy to fulfill using

electrically conducting strips. Example of such method application is described for example in I
The most important factor due to energy release (surface heating) is density change in the
region influenced by the heating. This region structure is controlled by the convection and
thermal conductivity processes. At the same time density change (diminishing due to
temperature rise) will change boundary layer thickness. Situation is similar to the local flow
nearby local surface distortion, but in our case effective surface distortion is created due to
temperature (density) change. The difference is that the distortion shape is not known beforehand
but is formed due to energy release in the boundary layer and due to the region with smaller
density formation. Previous analysis of the disturbed flow nearby local surface distortions
allowed to develop corresponding mathematical problems and to find distortions parameters

. . 2
influencing boundary layer flow

It is supposed that the Reynolds is large but lesser than the critical value at which laminar-
turbulent transition can take place.

Different parameters of heated strips were analyzed. It is shown that mathematical problem
describing disturbed flow strongly depends on the heated parts longitudinal and transversal
scales along with characteristic time parameter (if heating depends on time). As a result of
analysis possibility of boundary layer suppression due to surface heating control are
demonstrated. Also shown opportunities to control instability parameters like Tollmien-
Sclichting waves amplitudes etc. ‘

For some formulated mathematical problems numerical results are obtained. These results
correspond to the nonlinear regimes when temperature difference is finite. For relatively small
temperature difference linear problems are formulated. Presented are analytical solutions for
linear problems.

Results obtained will be useful as well to another methods of control analysis. For
example, energy release in the boundary layer due to electrical discharge partially may be
described on the basis of models appropriate for surface heating.

Discussed are prospects of future work primarily associated with experimental verification
of theoretical results and practical applications to influence boundary layer separation (steady or
unsteady) and different forms of instability.

References:
1. N. Yurchenko, G.Voropaev, R. Pavlovsky, P.Vinogradsky, A. Zhdanov, Flow control using

variable temperature boundary conditions, 2003, Proc. European Fluid Mecahics Conference
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2. V.Ya. Neyland,V.V. Bogolepov, G.N. Dudin, LI. Lipatov. Asymptotical problems of the
supersonic viscous gas flows. 2004. 456 p. (in Russian)

26. CBOMICTBA MHUKPOBOJIHOBOI'O CTPUMEPHOTI'O PA3PAJIA B BO3IYXE
IIPA PA3JIMYHOU ET'O BJJAXKHOCTHU U B TIPUCYTCTBUU BOJASTHOI'O
AJPO30JIA

H.N. Ecaxog, JLII. I'paues, K.B. Xoaaraes
DI'VII « Mockoeckuii paouomexnuueckuii uncmumym PAH»
B.JL.bbukoB
Mocroeckuii 2ocyoapcmeennulii ynugepcumem

B HacTosiiee BpeMsi MEKPOBOJHOBBIH CTPUMEPHBIH pa3ps] B razax JOCTATOYHO XOPOLIO
uccienoBad. Psapx cBoMcTB, XapakTepHBIX /M1 O3THX paspsfoB, TaKMX KakK BBICOKAs
¢ dexTuBHOCT, noromeHuss DM sHepruu, BHICOKas TeMIEpaTypa B IIIa3MEHHBIX KaHajax,
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CBEPX3BYKOBasi CKOPOCTh pacmpocTpaHeHHs (poHTa paspsga M T.J., AefaeT ITH paspsiibl
NpUBJIEKATENbHBIMA /I TIPHMEHEHHS B IENOM pafe obnacTedl HayKu M TEXHOJOTHH, B TOM
ypcNe B TNa3MEHHOM a’pofMHAMHMKEe M U CO3JAHHUS CHCTEM 3aXHIaHHA M CTaOMIH3alMH
ropeHHs TOpIOYHX cMecell. B cBs3y ¢ 3TUM 0COGEHHO aKTyalbHBIMM CTAHOBSTCS HCCIIEN0BAHUA
KOJIMYECTBEHHBIX XapaKTEPUCTHK MUKPOBOJHOBBIX pa3psfoB OpH Ppa3sIHYHBIX IapaMeTpax
3JEKTPOMArHUTHOTO U3NY4YEHHS U ra3a, BaXHBIX IS HX NPaKTHYECKHUX MPHIOKECHHH.

W3 onbita 3KCIEPUMEHTATLHBIX HCCIEHOBAaHMH H3BECTHO, YTO XapaKTEPUCTHKH
MHKDPOBOJIHOBOTO pa3psja 3aBHCAT OT CBOWCTB OKpyxarwouwiero rasa. Hampumep, npoboiinoe
TI0JIe MOXET CYIUECTBEHHO OTJIMYAThCH HpH pasfM4YHOM €ro BIaXHOCTH H3-3a HOABICHHA
JIOTIOJIHUTEIBHBIX TPOLIECCOB HCUE3HOBEHHUS 3TIEKTPOHOB BCJIEACTBHE NMPOLECCOB MPUIIMIIAHUS H
peKoMOUHAIMYM Ha MOJIEKYNaX W MOHAaX BOMABL OKCIEPUMEHTAIbHBIC NaHHBIE U3MEPEHHH 3THX
BEMYMH Ui MHKPOBOJIHOBOTO pa3psla B HAacTOfllee BpeMs OTCYTCTBYIOT. B Toxke BpeMs B
peaibHBIX YCIOBHSX BO3JYX MMEET PadIMYHYIO BJIAXHOCTh B 3aBHCHMMOCTHM OT BBICOTBHI Hajl
3eMJiel, MOTOJHBIX YCIOBHH M MOXET CofepxaTh adpo3onb. IlostoMy HeoOxomuMo 3HaTh,
KakoBa 3aBMCHMOCTH IpPOOOHHOrO MONS OT BIAXHOCTH, TaK KaK 3TO HEMOCPEJCTBEHHO
OnpefieNiSeT, B YaCTHOCTH, MOLIHOCTE TE€HEPATOpa MHKPOBOJTHOBOTO H3Ty4EHHMs, HCIONIb3YEMOro
IUTS CO3AaHUSA paspsa.

Hacrosumit Ooknan NOCBSIIEH pe3ynbTaTaM OKCHEPUMEHTAJbHBIX HCCIIeJOBaHUH
MHKPOBOJTHOBBIX CTPUMEPHBIX Pa3psfoB IPH Pa3iHyYHOM BIAXHOCTH U B IPUCYTCTBHH BOJHOIO
a’po30Jis, KaK B HEMOABIKHOM BO3[YyXE, TaK M B €ro CKOPOCTHOM IIOTOKE. OKCIIEPHMEHTEHI
HPOBENEHB! IS pa3pslioB, co3laBaeMblx OM H3IydeHHEM C pasNM4YHOH ANMMHOM BONHBI B
IIMPOKOM [Hama3oHe [aBJICHHH BO3JyXa M YpPOBHS IOMNSA, KaK B HMIYJIBCHOM, TaK M B
KBa3UHENIPEPEIBHOM peXUMe TOpeHHs pa3psja.

26. FEATURES OF MICROWAVE STREAMER DISCHARGE IN AIR AT ITS
DIFFERENT HUMIDITY AND AT PRESENCE OF WATER AEROSOL

_ L.L.Esakov, L.P.Grachev, K.V.Khodataev
: -FSUE «Moscow radiotechnical institute RAS»
V.L.Bychkov
MV. Lomonosov Moscow state university

Nowadays microwave (MW) streamer discharge in gases is studied enough well. Such
typical properties of these discharges as high efficiency of electromagnetic (EM) energy
absorption, high temperature in plasma channels, supersonic velocity of discharge front
propagation, etc., make them attractive for applications in a number of scientific and technology
areas including plasma aerodynamics, creation of flammable mixture ignition and combustion
stabilization systems. So, investigations of quantitative MW discharge characteristics at different
parameters of EM radiation and a gas are of great interest.

Our experimental experience has shown that MW discharge characteristics depend on
properties of ambient gas. For example, the breakdown field can be substantially different at
various air humidity because of increase of recombination and attachment processes caused by
presence of water ions and molecules. Experimental data of these characteristics for MW
discharges are absent now. At the same time air in real conditions is characterized by different
humidity with respect to the altitude, weather and can contain a water aerosol.

Also it is very important to know breakdown field as a function of humidity since this
characteristic directly determines MW radiation generator power which is necessary for this
discharge creation.

The present report is devoted to results of MW streamer discharge experimental
investigations in air at its different humidity and at presence of water aerosol both in motionless
air and in high-speed flow. Experiments were carried out with discharges created by EM
radiation at different wavelengths in wide range of air pressure and levels of MW field both in
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pulsed and quasi-continuous discharge regimes.

27. PACIIPOCTPAHEHUE YJAPHBIX BOJIH B CPEJIE C POJIEEBCKUM
MEXAHHN3MOM SHEPI'OBBIJIEJEHUA

H.A. I'epacumoB B.C. CyxomannoB, C.B.Cyxom/auHoB
Hayuno-uccreoosamenvcxuii uncmumym gusuxu CIIBI'Y, Cankm-Ilemepbype, Cm.Ilemepzogh
B.B. Kyunuckuii
Hayuno-uccnedosamenvckoe npeonpusmue 2unep3gykosgeix cucmem, Cankr-IlerepOypr,

B paGore B o0meM ciayyae B OJHOMEPHOM NPHOIMKEHHUH pPACCMOTPEHO BIIHSHHUE
H3BECTHOr0 PeneeBCKOro MexaHW3Ma SHEProBbIACNEHUsS B ynpyroié cpene [1,2], urparomero
BaXXHYIO pOJIb, B YACTHOCTH, B IIJIa3ME€ Ia30BOTO pa3psza, Ha CTpyKTypy Oerymeit ymapHoi
BosHel (YB). Ilomyueno ypasHenuwe pacnpocTpaneHus (YB) mns storo cmyuas. Haitneno
aHANNTHYECKOE pEIICHHe YpaBHEHHS IJII MajbIX 3HAa4YeHHH MapaMeTpa, XapaKTepU3yOIIero
cBoiicTBa cpenpl. [IpoaHanu3npoBaH XapaxkTep pellleHHs NIPH Pa3sHbIX 3HAKaX 3TOrO HapaMeTpa u
€ro 3HAYEHHMSX [0 MOAYII0 Nopsaka emuHunbl. OOHApyXEHO, YTO IIPH IIOJNOXKHTENBHBIX
3HAQYCHUSAX 3TOro IHapaMerpa YB B BHAe «CTyNeHBKM» B Takoii cpene ociabisercs H
BHIPOXIAETCA B BO3MYIICHHE B BHJE OJMHOYHOTo rop6a. IIp OTpHIATENBHEIX 3HAYEHHAX —
HampoTHB, YB ycuiuBaeTrcs. YCTaHOBIEHO, YTO IS HAIWYUS CTAallHOHAPHOTO B CHCTEME
KOODJIMHAT CBS3aHHOH ¢ BOJHON pelleHHs paclipocTpaHeHus YB B cpeme c Pameerckum
MEXaHU3MOM SHEPrOBBIICIEHHS HEOOXOAMMO HalIM4YHe IPAHUIBl Cpelbl BHHU3 MO MOTOKY OT
ynapHoro cnos. Ee TIONOXEGHHE COOTBETCTBYET TaK Ha3bIBAEMOMY «(KPHTHYECKOMY»
sHepronoBoxy [21], 1 B 3Toit Touke MecTHOe 4ucio Maxa paBHO €IUHHIE. Y CTaHOBJIEHO, YTO
IpH IOJIOKUTEIBHOM 3HAYEHWH IapaMeTpa Cpeasl C  PalieeBCKHM  DHEProOBBHIIEIEHHEM
CYIECTBYET IpeHeNbHOE €ro 3HaueHWe, T@pPH NPEBBINIIEHUH KOTOPOTO  YpaBHEHHE
pacnpocTpaHEHHs] HE MMEET CTallMOHAPHOI'O DPEIIEHHsT HU NpH KaKOM ITOJIOKEHWH T'PAHULEI
cpenbl BBEPX IO IOTOKY OT yjapHoro cnos. IlomydyeHHEBIE pe3yiabTaThl MO3BOJAIOT NEPEHTH K
aHaIM3y OCOOEHHOCTEHN pacnpocTpaHeHus Y B B c1a00MOHN30BaHHOI IIa3Me ra30BOrO paspsja.

PaccMarpuBaroTcss 4YHCICHHbIE M HpHOMDKEHHBIE METOABI pPEIICHUS YpaBHEHHS
pacrnpocTpaHeHHs YB B IHMpOKOM Auana3zoHe nNapaMeTpoB SHEProBKIIaAa, U IPUBOIUTCS OLIEHKA
obacTelt NpUMEHEHHUS ¥ TOYHOCTH ITOJIyYEHHBIX aHATUTHYECKUX GopMyI.

Cytb PeneeBckoro Mexanu3ma 3aKiIrO4aeTCsl B TOM, 4TO €CJIM NTEPBOHAYAIBHO OQHOPOJHAS
yIpyras cpefa o0naJaeT TeM CBOMCTBOM, YTO IpHU BO3HHKHOBEHHH B 3TOU cpefe o0nacTu ¢
IIOBBIIIEHHOH MIOTHOCTHIO B HEH OyIeT MPOUCXOUTH NOTIOJHUTEIBHOE BhIICICHUE TeIia, TO B
TaKoM cpelie yrpyrue BOJIHBI MaJIOR aMILTUTY el OynyT ycunusatees [1,3]. Ecnu xe Haobopor,
IPOUCXOJHUT MOTJIOIEHUE TEILIA, TO BONMHEI OyayT ocnabnstecs. B paborax [2, 3, 4] nmoka3aHo,
YTO OCHOBHBIM MEXaHHM3MOM B3aUMOJCHCTBHS aKyCTHUECKHX BOJH C HH3KOTEMIIEpaTypHOH
IJIa3MOM ra3oBOTO paspsaaa U ssisiercs PeneeBckuil MexanusM. BrosiHe sCHO, 4TO HE3aBHCHMO
OT INpHPOABl BO3HHKHOBEHUS M BEJIWYHMHBI YIPYroro BO3MYIIEHHsS Halnyue PaneeBckoro
MexaHusMa OyzneT oka3bIBaTh BIMSHUE Ha JUHAMHKY 3TOr0 BO3MYILEHHUS, B TOM YHUCiie U Ha YB.

BzaumoneilictBue  ymapHBIX  BOJH € ra3opaspsgHod  IuasMod  HM3y4danoch
IKCIIEPUMEHTAJIBHO U TEOPETHYECKH MHOrUMH aBTopamu [7-10]. AKTyanbHOCTH MOAOOHBIX
pabotr o0ycnoBieHa MONBITKAMH pa3pabOTKM HETPANUIHMOHHBIX METOJIOB ONTHMH3ALUK
a’pOAMHAMHYECKUX XapaKkTEpUCTHK JIETaTeNbHBIX  alllapaToB — CHHXCHHA JI0OOBOTO
CONPOTUBJICHHUS, YBEIMYCHUS IIOJBEMHONH CHIBI W T.JI. B pesynbrate O6oJipmoro ymcia
UCCNENOBAHUI BBIABJICHB! Pa3IMUHBIE aHOMAIMM IPU CBEPX3BYKOBOM IIOJIETE TEN Pa3IHIHOM
¢opmBbI B c1aboHOHM30BaHHON ILTa3Me aTOMapHBIX U MOJEKYNApHHIX rasos [11, 12]. B mpyrux
paboTax MpH HCCIEIOBaHHM paclpocTpaHEHHs Oerymux YB B ra3oBoM paspsie, aHaJIOTHYHO,
HaOMOJaNnuch 3HAa4YMTENbHBIE M3MEHEHHs cTpykTyps! YB [13, 14]. B Hacrosinee BpeMs B
JIMTEpAaTypEe WHTEHCHBHO OOCYXXIAaeTcss BOIPOC O TOM, KaK HaJIMYHe 3JIEKTPUYECKOTO TONS H
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cnaboit HOHM3alMM rasa BIHSET Ha CTpYKTYpy YB. B omHux pabotax yTBEpXOaeTcs, 4TO
BIIMAHHE T1a3Mbl OTPAHHYMBACTCS JIMIIL M3MEHEHHAMH YB IpH NPOXOXIEHUH TEIJIOBOM MBI
[15, 16], B ApYTHX — 4TO CYLIECTBYIOT TAaK Ha3bIBAEMBIE «CMIELHGHUECKHE MEXAHU3MbLY BIUSAHUS
wiasMel Ha cTpyktypy YB [17, 18].). ind npukiafHelX 3ajgay, HanpuMmep, B a3p0HI/IHaMHKe
BecbMa MHTEpeCHa cabOMOHM30BaHHas IU1a3Ma (CTEHeHb HOHM3auuMM MeHee 107 ) a TaKxe
cnabele YB. Cnenyer OTMETHTh, YTO IUIa3Ma CaMOCTOSTENBLHOIO Tra3oBOro paspsga — He
eNMHCTBEHHBIM MpuUMep cpelbl ¢ PaeeBCcKMM MeXaHH3MOM dHEproBblaesicHHs. JIpyruM Takum
IPUMEPOM MOXET CIYXXHTh ra3oBas Cpeia, B KOTOPOM MPOMCXOMAT XUMHUUCCKHE PEaKlUuH C
BbLIENIEHHEM (MTOTJIOMEHNEM) TerJa.
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28. NUMERICAL SIMULATION OF DC GLOW DISCHARGES FOR HIGH-SPEED
FLOW CONTROL

Jonathan Poggie
Senior Aerospace Engineer, US Air Force Research Laboratory

A numerical study of glow discharges was carried out in order to evaluate their potential
for flow control applications. As part of this project, a three-dimensional computer code has
been written to solve, in an implicit, loosely-coupled fashion, the fluid conservation laws, the
charged particle continuity equations under the drift-diffusion model, and the Poisson equation
for the electric potential. Fully three-dimensional calculations have been carried out for DC
discharges in nitrogen, and changes in the flow in the presence a discharge have been
demonstrated. In computations of a three-dimensional electrode configuration mounted on a flat
plate in a Mach 5 crossflow, the discharge was found to thicken the boundary layer. The
resulting compression waves led to increased pressure forces at the plate surface. These changes
in flow structure occurred through dissipative heating; the body force term in the fluid
momentum equation was negligible. The computations are in qualitative agreement with total
temperature measurements made in a similar configuration for air flow (Menart et al., AIAA
Paper 2003-2262). A preliminary investigation of the effect of an applied magnetic field has also
been carried out. A computation of a simple discharge between parallel plates showed that an
applied axial magnetic field tends to suppress the radial component of the current density.

29. YUCJEHHOE MOJAEJINPOBAHUE ACUMMETPHYHOI'O
JUAJIEKTPHYECKOI'O BAPBEPHOI'O PA3PATA

A.B. JIuxaucknii, M.H. Hlueiinep, C.0. Maueper, P.b. Maiiic
Princeton University, Princeton, New Jersey 08544
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B nocnenHee BpeMs IHPOKO UCCIEAYETCA BOSMOXHOCTD BIHAHHS HEPABHOBECHOH IJIa3MBbl
Ha ra3oBble IOTOKM. B3auMonelcTBHe NPOUCXOOUT IIyTeM HarpeBa rasa MM Mepesayuu
HUMIyJIbCa OT 3apsDKEHHBIX YaCTHL HeHTpaabHbM. [ mpenoTBpallieHHs OTPBIBA MOTPAHCION
OBUIO TIPEATIOKEHO HCHOJNB30BaTh ACHMMETPHYHBIH AUAIEKTPHUECKMH OapbepHBIfl paspsin
(AIBP). AJIBP cocTouT H3 ABYX 3NEKTPOJOB, pa3AeieHHBIX AUIIEKTPUKOM (puc.l). HumxHuit
3NMEKTPOJ 3a3eMJICH, a K BEpXHEMY IIPUIIOKEHO BHICOKOBOJIBTHOE HANIPSXKEHHE. PAoM ¢ ocTpueM
BepXHEro 3JeKTpojJa MpH Nojade HampspkeHus obpasyercs miasMa. B akcmepumentax Kopke,
[Toct, Maknaduna, Juno B yausepcurete Hotp lama n Axagemuu BBC, a Taxxke JleoHoBbM B
HMOTAHe 6bU10 MOKa3aHO, YTO MPH NOAaYe CUHYCOUIANBHOIO HanpskeHus (2-20 KUIoBObT, 1-
100 kuorepir) ra3z TOJKaeTCS ClieBa HAlPaBO CO CKOPOCTHIO HECKOJILKO METPOB B CEKYHIY.

B nmanHo#t paboTe mpencraBieHbl pe3ynbTaThl YHCIEHHOro MozenupoBaHus AJIBP B
BO3IyXe, W Ha HX OCHOBe OOBACHEHBl (usnueckue MpuHIMNBEl pabotel AJIBP. Monens
paccMaTpHBaeT JWHAMHKY OJJIEKTPOHOB, IOJIOXKMTEABHBIX M OTPHLATENBHBIX HOHOB B
HeHTpaibHOM rasze. Hanudue B MOJETH OTPHLATE/IBHBIX HOHOB BaXHO IJIA MMOHUMAHUS GQH3UKH
AJIBP. Jlpnxenne 3apsKCHHBIX YacTHI[ omucaHo B Au¢dy3noHHO-ApeRdOBOM NmpUOTIKEHHUH.
M13-3a TOro, YTo CKOPOCTh rasa Majia IO CpPaBHEHHUIO ¢ ApeidoBOil CKOPOCTHIO 3apsKeHHBIX
YacTUI, Fa3 CYMTAeTCAd CTAlMOHAapHbIM. B MoJens BKIIOYEHB! IIPOLIECCHI HMOHH3ALMUH,
peKOoMOHMHAIMH, IPUIUNIAHNS ¥ OTIIUIIaHHS.

C nomompro fanHOro xoxa 6e1 mpomonenuposan AJIBP ¢ nonaHHEIM CHHYCOHANBHEIM
HaNpsHOKCHUEM Pa3HYHBIX aMIUIMTYX HanpsokeHus M yacToT. [TokaszaHbl MEXaHH3MBI TOJIKAHHUS
rasa B KaXI0M H3 MOJyNepHoJoB (IOJNOXHUTENbHAsS KOPOHa B aHOAHOH (hase U oTpuuaTenpHas
KopoHa (oTpulaTeNibHble HOHBI) B KatonHol). Ha ocHoBe MonenHpoBaHHs ObLIO NpPEAIOKEHO
HCIIONB30BaTh IPHHIHUIHATHHO MHONH MeXaHM3M TOJKaHMS Ta3a, a MMEHHO mojaya
NOBTOPAIOLIMXCS ~ HAHOCEKYHIHBIX  OTPHLATENIbHBIX  MMIY/JbCOB  HamNpsHOKEHHEM  Ha
BBICOKOBOJIBTHBIH 3JIEKTPOX W MOAJEpXaHHE MOCTOSHHOTO IOJIOXUTENBHOrO HaNpSHKEHHS Ha
3IEKTPOJIE MEXIy HMMIyJIbcaMd. Bo BpeMss HMIyjbca NMPOMCXOTHT NpOOOH, 3JEKTPOHBI 3a
HAHOCEKYH/B! 3aHOCSTCS Ha AMIJICKTPHUK, 3anupas pas3psf, a OKOJIO OCTPHS BBICOKOBOJIBTHOTO
aNeKkTpoa obpasyercst 0671aK0 MMOJOXHUTEIBHEIX HOHOB. B aHonHO# (ase nonoxuTensHple HOHbI
ApeidyIOT K OTpHLIATENBHO 3apsHKEHHOMY AHINIEKTPHKY, TOJKAsA ra3 U HEHTPaIu3ys 3/EeKTPOHBI
Ha IHIJIEKTPHKE.

B Monenn HalifeHB! CHiBI, OEHCTBYIOUIME CO CTOPOHBI IJIa3Mbl HA ra3, M pacCYHTaH
TenjaoBoM HarpeB. M3-3a MajOCTH ra3oBBIX BpPEMEH @O CPaBHEHHMIO C IUIa3MEHHBIMH,
yCPEIHEHHas CHJiIa, TOJIKAKoLIas ra3, MoXeT ObITh IIOJCTAaBJICHA B YPAaBHEHHE AJS IOTPAHCIION.
Takoit pacuet ObII MPOBEJIEH U €T0 Pe3YNIBTATH TaKOKe OyayT NpeaCcTaBlIeHbl Ha KOH(GEpEHIUH.

nomokK easia
6bICOKO60/1bMHbIU

3a/1eKkmpoo nnasma

__+Ouanekmpuk

a.c. @

——

3a3eMJ/1eHHbIU
anekmpod

Puc.1. AcumMMeTpHUHBIH JHIJIEKTPpHYecKUil 6apbepHbIi paspsaa.
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29. NUMERICAL MODELING OF PLASMA ACTUATOR

Alexander V. Likhanskii, Mikhail N. Shneider, Sergey O. Macheret, and Richard B. Miles
Princeton University, Princeton, New Jersey 08544

Electromagnetic devices can be used for different manipulations on the flow. The
interaction can be caused by collisions of charged particles with neutral gas or by heating the gas
in the region of interaction. There is also a possibility of power extraction in near the surface
using MHD effects. Different configurations can be used for these purposes. In our group the
snow-plow arc concept was recently developed. It allows driving the discharge in the flow using
magnetic field. Russian groups at the Institute of High Temperatures (S. Leonov et al.) have
investigated flow control with high-current quasiequilibrium surface arcs. These researches refer
to the high-speed flow control. However, significant results have been obtained by T. Corke and
his colleagues at Notre Dame, Air Force Academy, and other institutions on the use of single
dielectric barrier discharge for low-speed flow separation control.

The in present work the detailed physical model for asymmetric dielectric barrier discharge
(DBD) in air is developed. Modeling of DBD with applied sinusoidal voltage is carried out. The
leading role of charging the dielectric surface by electrons in the cathode phase is shown to be
critical, acting as a harpoon that pulls positive ions forward and accelerates the gas in the anode
phase. The positive ion motion back towards the exposed electrode is shown to be a major source
of inefficiency in the sinusoidal or near-sinusoidal voltage cases. Based on understanding of the
DBD physics, an optimal voltage waveform is proposed, consisting in high repetition rate short
(a few nanoseconds in duration) negative pulses combined with positive dc bias applied to the
exposed electrode. The velocity of near-surface gas jet produced by the DBD actuator thus
optimized is shown to be considerably (potentially — by 1-2 orders of magnitude) greater than
that for a sinusoidal signal with similar parameters. ‘

The different time scales of plasma and hydrodynamic processes allowed us putting the
time-averaged plasma force on the flow in the Navier-Stokes equation for the boundary layer
problem. The possibility of influence on the boundary layer has been shown.

gas flow

high-voltage electrode plasma

! dielectric

a.c.(~)

%— .

grounted electrode

Fig.1 Asymmetric dielectric barrier discharge
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30. TUIIEP3BYKOBBIE IIVIASMEHHBIE CTPYH, TEHEPUPYEMBIE
KBA3ZUCTAIIHOHAPHBIM MAT'HUTO-IIVIABMEHHBIM KOMIIPECCOPOM H HX
IHNPUMEHEHHA B NIPUKJIATHOU IIVIASMOANHAMMKE.

Mamek U.Y., JJamkos B.A., Auucumos 10.H1.
Canxm-Ilemepbypackuii I'ocyoapcmeenneiti Yuueepcumem
Konecuuuenko 10.D.

Obveounennviti Hnemumym Boicokux memnepamyp, Mockea

KBasucranvonapHsii Marauto-nna3MeHHelii kommpeccop (MIIK) 6vm1 paspaGotatH B
CCCP B 1960-1980 romax. [1,2] Takue koakcuaabHble pa3psaHble CHCTEMbI CO3AABATHCEH HJIS
HIDKEKIIMM TNpEeJBapUTENbHO HarpeTtod masmel B yctpodctBa THma TOKAMAK. Ilpu
pasnuuHblx pexxumax paborsl MIIK renepupyror choxycHpOBaHHBIE IIA3MEHHBIE CTPYH
pasnuunbix rasos (H, He, N, Ar, Bozayx) co cpaBHUTENBHO BHICOKO# MIOTHOCTHIO B 00/1AaCTH
KoMmpeccuu (bonee yeM (10'6-10"% CM'3), TeMIreparypoi okoino 1-3 eV, ckopocTeio raza B
doxyce ctpyn 5-70 xm/c. THIHYHAS JUIHTENBHOCTH MMITYJIbCA TOKA B 3TOM THIIE YCKODHTENS
100-200 ps, ero ammiutyaa 50-200 kA, BpeMs XU3HU CTpyH Ia3Mel okono 80-100 ps.

Pe3ynpTaTsl HAIIMX MNEPBHIX 3KCIEPUMEHTOB [3] MOKa3BIBAIOT, YTO CBOMCTBA CTpPYH,
renepupyembix MIIK (mpu pa6ore MIIK B pexume ocTtaroyHOro rasa) AONYCKAOT HX
HCIIONL30BAaHME B MPHKIAgHOH mMnasMoauHaMuke. B mpencraBnenHodt pabGote oGCyxmaroTcs
BO3MOXHOCTH HCIIO/Ib30BaHHUS [1a3MEHHBIX CTpPYH, reHepupyeMsix MIIK B axcni€puMeHTaNbHBIX
HCCIIEIOBAHUAX, CBA3aHHBIX CO CIIEIYIOINMHU BaXXHEHIIUMH HaNpaBICHUSIMH

T'unepssyrosas aspoounamuxa. B stoit obnactu mnasmenHsie cTpyrn MITK MoryT GuITh
HCTOJIb30BaHbl KaK TECTOBBIE JUIL JKCIEPUMEHTATPHOTO MOJENHPOBAHHS [POLECCOB
B3aMMOJEHCTBYSA THIIEP3BYKOBBIX IJIa3MEHHBIX MTOTOKOB € Pa3/IYHbIMH MaTepPHAIaMU M TENAMH.
Cymecrsyromue napametps! cIpyit B MITK mo3BonsitoT mpoBoauTh HCClEOBAHMS MPOLECCOB
(GopMHpOBaHHS yIapHBIX BOJH AJIS OYESHb MHTEPECHOTO M B)KHOTO JHAaNa3oHa ckopocteit 5-20
KM/C.

- CMewieHuUe C6ePX36YKOBbIX HEUMPANbHBIX HOMOKOE U 2UNEP38YKOBIX NIAZMEHHbIX CIDYIl.
Bosmoxsoctu MIIK co3naBaTh KOMIIPECCHOHHBIE CTPYM IUTA3Mbl B CPABHHUTENBHO IUIOTHOMH
cpene Mo3BOJIAIOT HUCMOJIb30BATh MX JUI MHIKEKIMH IUTIAa3MBI B CTaHJAPTHBIE a3POJHHAMHYECKHE
CBEPX3BYKOBBIE IIOTOKH. OTO MOXET OBITh TaK)Xe HMHTEPECHO AN KOHTPOJsS IOTOKOB B
THIIEP3BYKOBBIX JBUIaTeIAX, a Takxke B MI'J] npunoxxeHusnx.
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Quasi-stationary Magneto - Plasma Compressor (MPC) had been developed in the USSR
on the period of 1960-1980 years [1,2]. These coaxial discharge systems were created for
injection of preliminary heated plasma in TOCAMAC. Under different operational modes MPC
generates the focusing plasma jets of different gases (H,, He, Ny, Ar, Air) with comparatively
high density in compression area (up to (10'%-10"%) cm™), temperature about 1-3 eV, gas velocity
in jets focus 5-70 km/sec. The typical duration of current impulse in this type of accelerators is
100-200 ps, its amplitude 50-200 kA, the jet lifetime is about 80-100ps.

Results of our first experiments [3] show that properties of MPC generated jets (for
Residual-Gas -Regime of MPC) allow their using in applied plasma dynamics. In presented work
the possibilities of using MPC generated jets for experimental investigations in the next very
important directions are discussing: . '

Hypersonic aerodynamics. In this area plasma jets of MPC may be used as testing flow for
experimental modeling of interaction processes of hypersonic plasma flows with different
materials and bodies. Existing parameters of MPC jets permit to realize the investigations of bow
shock formation processes for very interesting and important diapason of plasma velocity - 5-20
km/s, density and temperatures.

Mixing of supersonic neutral flows and hypersonic plasma jets. The possibilities of MPC
to create a compressible plasma flows in comparatively dense media allow to use it for plasma
injection in standard aerodynamic supersonic flows. It may be interesting for flow control
problems in supersonic engines and MHD applications.
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CTtenoBbie A0KJIAAbI
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1. UCCJIEJOBAHME CBY PA3PSAJA, HTHUIUUPOBAHOT O JIASEPHBIM
HU3JIYYEHHUEM B BO31YXE

B.bpoBkuH, 10.Konecunyenko, 1. Xmapa
HUBT PAH, Mocksa
HN.Mamek, B.JlJamkos
C.-Ilemepbypzcruii I'ocyoapcmeennviii Ynusepcumem, C.-Ilemepbype

H3yuena BozmoxxkHocTs HHMIManuK CBY pa3psaa nazepHo#t UCKpOH B LIMPOKOM JHANa3oOHE
naBneHuit Bo3nyxa. B skcmepuMeHTax HOCTHIHYTa YCTOMYMBAs HHHIUALMS Oe33/1€KTPOAHOrO
CBY paspsma atMocdhepHOro AaBleHHS Na3epHOHM HMCKpoH, co3maBaemoit Nd:YAG mazepom
(nnutensHOCT, MMMynbca 15HC) Ha BrOpo#t rapmonmxe. M3mepenst noporu CBY npo6os npu
pa3sNHYHBIX JaBJICHHUSAX BO3AyXa M YPOBHAX O3Heprud naszepa. [Ipm BKIOYEHHH Jiasepa
Habmonaercs npoboit Ha noHwxeHHbIX HHTeHCHUBHOCTAX CBY mnonsa. Ilpossnserca addexr
crabumsannn CBY npo6os nasepHbIM H3JIyueHHeM IONpoGoiHBIX yposHei. Unnnmanus CBY
paspsiia Jla3epHOM HMCKpOH NOCTHTaeTcs Kak IpH OJHOBpEMEHHOM AcHcTBUM JazepHoro u CBY
UMIYNIbCOB, Tak M B cnydae 3aaepxku CBYU ummynsca oTHOCcHTENbHO JlasepHOro. Bennunua
3a/ep)KKi B OONBLION CTeeHM 3aBHCHT OT JaBJCHHS BO3/yXa, yBenuuyuBasch or 220
MHUKpoceKyH[ nipu atMochepHoM fasienun fo 100munnucexynn npu 70 mm.pt.ct. Habmonaercs
passutae CBY paspsna Bpons nasepHoro nyda, Ho nonepék CBY nyua. Bosnukaromue monepek
CBY nyya cTpyKTypEI TakHe Xe, Kak Te, 4To GopMHUpYIOTCs NpH pacnpocTpaHenuu Brons CBY
nyda [1]. TIlpeactaBneHs! mipeBapuTeNnbHBle pe3ynbTathl  um3yueHus CBY  paspsna,
ueuuuupoBadHoro Nd:YAG na3epoM H3Ny4yalOIdUM Ha 4eTBEPTOH TrapMOHHMKE. JTH JaHHBIE
CPaBHHBAIOTCS C paHee MONYYEeHHBFIMU Ha BTOPO rapMOHHKE.

.- JlemoHCTpHpYyeTCsl Taike BO3MOXHOCTh uHunuanud CBY paspsma MHKpOCEKyHIHOM
JUTMTENHHOCTH MCKPOH PyOGMHOBOTO Na3epa B HEMOABHXXHOM BO3AyXe aTtMOC(EpHOTO JAaBNEHMS.
OnpeneneHsl npelenbHBIE 3aIEPXKKH, NPU KOTOPHIX elle Habmonaercs s3auMmozeiictue CBYU
H3JTy4CHHsS C pacmajaroleiics nasepHod mna3Mod. VIx 3naueHus okasanuck mopsaxka 300Mkc.
Onpenenen yposeHb CBY sHeprum, BIOXEHHON B OCTATOYHYIO JIAa3€PHYIO IiasMy. TeHeBbM
METONOM 3aMKCUPOBAHbI YIapHBIE BOJIHBI, BO3HMKAIOIUME B Pa3psAAHON 06IaCTH B pe3yNbTaTe
B3aumozieiicTBuss CBY c¢ mnasmoii nazepuoit uckpsl. IIpencTaBneHsl mHepBble pe3yNbTaThi
neunnanuu CBY paspsna na3epHoit HCKpoit B CBEPX3BYKOBOM ITOTOKE.

BemonHeHsl Takke UHCICHHBIE MCCIENOBAaHMUSA paclaja Jla3epHOi IUIasMbl |
aHaNH3UPYIOTCA mponecchl B3aumoeiictsus CBY nons ¢ pacnagaroeiics nasepHoi niaa3Moi.

Jluteparypa:
1. V. G. Brovkin, Yu. F. Kolesnichenko. "Structure and dynamics of stimulated microwave gas
discharge in wave beams". J. Moscow Phys. Soc. 5 (1995) 23 - 38.

1. INVESTIGATION OF LASER-INDUCED MICROWAVE DISCHARGE IN AIR

V.Brovkin, Yu. Kolesnichenko, D.Khmara
IHT RAS, Moscow,
I. Mashek, V. Lashkov
St.-Petersburg State University, St.-Petersburg

The possibility of laser spark initiation of microwave discharge in quiescent air in wide
range of air pressure has been investigated. The stable electrodeless MW discharge initiated by
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laser spark produced on the second harmonics of Nd:YAG laser with 15ns-pulse duration in air
under the atmospheric pressure is realized. The MW breakdown thresholds under the variation of
radiated laser energy and air pressure are measured. Stable breakdown at reduced MW field
intensity is registered under a laser beam action. The effect of MW breakdown onset/stabilization
in the presence of sub-breakdown intensity of laser beam is eliminated. The initiation ability of
laser spark over MW pulse delay depends substantially upon air pressure and changes from 220pus
under the normal conditions to more than 100ms under 70Torr. MW discharge development in the
direction of sub-breakdown laser beam, but across MW beam is observed. This effect is analogues
to laser triggering of DC spark. The arising discharge structures are the same as are developing
along MW beam [1]. Preliminary results of initiation of MW discharge by Nd:YAG laser beam on
the fourth harmonic are presented and compared with those for laser beam on the second
harmonic.

The possibility of Ruby laser spark initiation of 1us pulse duration MW discharge in
quiescent air under the atmospheric pressure was also demonstrated. The critical delays for MW
radiation coupling with decaying laser plasma, exceeding 300us were determined. The additional
energy input due to MW energy deposition was recorded. The shock waves, arising after laser-
induced MW discharge in air under the normal conditions, are registered by means of the Shlieren
system. The first results of MW laser-induced discharge in supersonic flow are presented.

Numerical investigation of laser plasma decay is carried out and regimes of MW filed
interaction with decaying laser plasma are analyzed.

References:
1. V. G. Brovkin, Yu. F. Kolesnichenko. "Structure and dynamics of stimulated microwave gas
discharge in wave beams". J. Moscow Phys. Soc. 5 (1995) 23 - 38.

2. IMHAMMKA BUXPs B CPEJE C POJIEEBCKUM MEXAHU3MOM
SHEPT OBBIJAEJIEHHUS

H.A.I'epacumos, B.C.Cyxomiaunos, C.B.CyxomanHos
Hayuno-uccneoosamenvcxuii uncmumym gusuxu CIIBI'Y, Cankm-Ilemep6ype, Cm.Ilemepzogh

Kax wu3BecTHO, PaneeBckuil MexaHM3M 3HEproBBIIETEHHS 3aKIIOYAETCd B TOM, 4YTO
ynpyras cpefa o0agaeT TeM CBOHCTBOM, YTO IPH HAJIMYUK B HElf HEOMHOPOIHOCTEH B 001acTIX
¢ 6osplnel IIOTHOCTHIO BBLAENAETCS (MJIA HOIJIONIAETCS) HEKOTOpOe KOJIHYECTBO Telia U
Haobopor [1,2]. KorkpeTHOE KOJNHUYECTBO BBIAENSEMOTO (IIOITIOMAEMOr0) B €AUHMILY BpEMEHH
TEIJAa 3aBUCHT OT XapaKTEpUCTMK JAaHHOM cpenbl. Panee ObUIO HCCNEOBaHO BIIMSHHUE
paccMaTpuBaeMOr0 MEXaHH3Ma Ha paclpOCTpaHEHHE aKyCTHYECKHX W YIapHBIX BoNH [3-6].
Hannasg pabora MOCBSIIEHA MHCCIENOBAHUIO JWHAMHKHA BUXPEBOH TPYOKH B CXXHMAaeMOM
PaneeBckoit cpefie M B YaCTHOCTH, B IUTa3Me CaMOCTOSITENIEHOTO Ia30BOTO pa3psja.

3agaya pemantack B NpUONMKEHHHM HACATHHOM COKUMAeMOM IKMIKOCTH, IS YETO
HCIIOJIE30BAJIaCh HECTallMOHApHas CHCTeMa ypaBHeHHH Oiinepa. Jlns OecKoHEYHOU BHXpPEBOit
TPyOKH IIONy4yeHO aHAJUTHYECKOM peIleHHe [UIf TaHTeHIWANbHOM U paaualbHOM
COCTABJIIOIIEH CKOpOCTEH rasa IpH pa3jJM4HOM 3HaKe IIOCTOSHHOH, XapaKTepu3yroliei
cBoiictBa PaneeBckoit cpenpl. OTAENbHO pPacCMOTpPEH Ciiydad HHU3KOTEMIIEPATYpPHOH ILIa3MBbI
ra3oBOrO pa3psia, AAS CHUTyallui, Korja 3JeKTPHYECKOe NOJE B IUIa3ME€ OPTOTOHAIBHO U
NapaUleIbHO OCH BUXpeBOU TpyOku. B mocnexHeM cinydae oOHapyXeHO, YTO BHXpeBas TpyOKa
CO BpeMeHeM paszpymiaercs. [Ipy THNMYHBIX IUIA IJIa3Mbl INIOTHOCTSX TOKa mopsaka 10 MA/cM?
U JIaBNEHUAX B JeCATKH Topp, BUXph B BO3AyX€ pa3pyllaeTcs 3a BpeMEHa IOpsJKa COTHIX
cekyHapl. CKOPOCTh pa3pylUCHHUs 3aBHCHUT HE TOJIBKO OT MapaMeTpoB PanmeeBckoit cpeabl, HO U
OT WHTEHCHBHOCTH CaMOTO BHXpPS M BO3pacTacT IpPU YBEIWYEHUU IMEPBOHAYATIBHOM YacTOTHI
BpamieHust raza. JTo OOBSCHAETCS TEM, UTO C POCTOM HHTEHCHUBHOCTH BHXpPS BO3pacTaer
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1IepBOHAYAIBHLIN IPAIHEHT INIOTHOCTH B ra3e, BCJICACTBUE YETO YBENMUYMBAETCS BO3/IEHCTBUE Ha
IMHAMHKY [BHXXEHHS rasa PaneeBckoro mexanusMa. B paboTe Taxxke NpoaHalW3HpOBaHO
BJIMSIHHE Y4€Ta TEIUTONPOBOAHOCTH ¥ BA3KOCTH ra3a Ha CKOpOCThb paspyinenus Buxps. [lokasano,
YTO B CJIy4yae ra3opaspsaHoi Mmia3Mel Bo3ayXa 3TH 3P QEKTh! HE3HAYUTENBHEL

Tonyuenubie B paboTe pe3ynbTaThl MO3BONAIOT NMEpPEeHTH K pa3paboTke Naa3sMEHHBIX
METO/IOB YIIPaBJICHHs 3aBUXPEHHOCTHIO M CTENEHBI0 TypOY/IEHTHOCTH ra30BbIX HOTOKOB.

Jlutepatypa.
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dispersion in glow discharge plasma: A phenomenological analysis”, Phys. Fluids, 14 (2002),
427-429.

5. Hama crates B )KT® no Panero.
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3. YUCJIEHHOE PEIIEHUE 3AJIAYH KOIIIU J1JIs YPABHEHUIA B iIACTHI)IX
IMPON3BOAHBIX NEPBOI'O NOPAAKA METOJAOM XAPAKTEPUCTHK U
TPEXXKUJIKOCTHAS MOJIEJIb ITJIA3MbI

B.B.Kyunuckuii, A.b.Huknrtenko, B.C.Ilepsyxun, U.B.Tpopumon
Hayuno-uccredoeamenvckoe npednpusmue 2unep3gyxogulx cucmem, Cankm-Ilemepbype

) IIpennaraemsiit METO OCHOBAH Ha MMHUTALMH METOJAaMH [IPOrpaMMHUPOBaHHS (Ha S3bIKE
mob0ro ypoBHS) NpoLEAYPH! aHATMTUYECKOTO PELICHUS! YPAaBHEHHH B YaCTHBIX IIPOU3BOTHBIX.
PaCCMOTpPIM OGI:IHHny IIOCJICIOBATCIIBHOCTE AHAJIMTUYECKOI'O pemenm 3aJa4Hu KOHIPI
YpaBHEHHS B YaCTHBIX INPOM3BOAHBIX M (yHKIMH Z=z(X,y) OT HBYX HE3aBHCHMBIX
IIEPEMEHHBIX X,y
9z(x, )
Ox

aZ(x, .V) —_ F(x,

+8(x,»)z(x, y) ¥:2) 1)

XapakTepucTHYeCKHEe YpaBHEHHsS i ypaBHeHHs (1) OTHOCHTENrHO mapameTpa (B
KauecTBe NapaMeTpa yIoOHO BHIOpaTh IEPEMEHHYIO X ) UMEIOT BUA [1,2]:
dy(x)

S g(x, y(x)), )

) Py, 2) ©)
PCIIIEHHC 3TOH CHUCTEMBI

x)=o(x)+y, , 4)

2x)=x(x)+y,, %)

COJIEPXHUT NMPOHU3BOJILHBIE NOCTOSIHHBIE ¥/,,V,. be3 orpannueHus OOWHOCTH HayanbHbIE
ycnosus B 3agade Koun MoxHo onpenenuts Ha ninockoctd Z0Y (x =0) 3aganueM ¢QyHxuuu
2(0, ) = w(y). HayansHele yCIIOBHS, oTpeeNnsIoLme COBOKYITHOCTH TOYEK
{x=0,y=n,z=0(y)} NO3BONAIOT BBYUCIUTH BEIMYHHY HPOH3BOJIBHBIX IOCTOSHHBIX
Visy,:
n=90)+y,(n), (6)




61

o) = x(0)+y, (1) . ™)
Jns monydyeHUs pelleHuss B IPOU3BONBHOM TOUke {X,y} HEOOXOOUMO BBHINOJHEHHE
paBeHcTBa (4):
y=o(x)+y, (1) . ®)
VYpasueuuns (6),(7) u (8) npencraBnsgioT coOOH CUCTEMY TPEX YpaBHEHHUH OTHOCHUTENIBHO
TpeX HEU3BECTHBIX 1, ¥, ¥, . Ecnu peineHHe HCXOMHBIX YpaBHEHUH H PELICHHE 3TOH CHCTEMBI
yOaeTcs MOJNyYATh B aHAIMTHYECKOM BHJE, BhIpakeHUe (5) JaeT peleHHe IIOCTaBJICHHOM
3anaun. Korga aHaluTHYeCKOe pellleHue HaliTH He YZAeTCs, MOXHO HCIIONIB30BaTh CIEAYIOIIYIO
HOCIIeI0BATENILHOCTD JEHCTBUM.
3agamuM MpOU3BOJIFHO B YPaBHEHUSAX HayaJlbHOE 3HAYCHME IapaMeTpa # U BBIIOJIHUM

YyHCIeHHOe pewmeHre ypaBHeHui (1) m (2) mpu HadaiupHBIX ycnoBHsSX x =0, y=n, 2= w(n)
mobemM ymoOHBEIM MeTonoM (Hampumep, MetonoMm Pynre-Kyrra, Amamca u T1.1m.). IlpoBenem
HHTEPIOJNALHIO TOJlydeHHOro pemreHus (3) i ¢yHKIuM p(x) B OKPECTHOCTH TOYKH X H
IpoBepUM BhImonHeHHe yciaoBus (8) (ycnosus (6) u (7) ydOBIETBOPSIOTCS aBTOMATHYECKH 3a
CYeT 3aJaHMS HAYaJIbHBIX YCIOBMH IIpH YHCICHHOM pEmICHHH Ju(depeHIIHaTbHbIX
ypaBuenuii(1) u (2)). Ecnu ycnoBue (8) He BBIMOIHSAETCS, CKOPPEKTHPYEM JIOOBIM yIOOHBIM
MerozoM (MeTonoMm HbroToHa, HanpuMep) HadyaJIbHOE 3HAUCHHE Napamerpa 1], PeIlUM CHCTEMY

ypaBuenuit (1)-(2), cHoBa npoBeneM KOPpEKUHUIO Ha BhINogHEHUE ypaBHeHHs (8) u 1.4. Korna
3HaYeHHe IapaMerpa # CTaHeT TakKuM, 4To ypaBHeHHE (8) OyHeT -BBIIONHEHO, pe3ynbTaT
YHCJICHHOTO pacueTa ypaBHEHUs (3) JacT HaM pelleHHe MOCTaBIeHHON 3anauu. T.0., anroput™
YHCIEHHOI0 pacueTa MOXKHO OITHCATh CIIEAYIOMUM 00pazoM.

1. 3amanue HadaapHOIroO 3HAYEHUE MapaMeTpa # .

2. YucneHHOe pemeHHE cucTeMBI MU depeHIIMaNbHBIX YPaBHEHUH TIEpBOro MOpsaKa Npu
3aJ]aHHBIX apaMEeTPOM # HaYaJbHBIX YCIIOBUSX W €T0 alIpOKCHMAIUs B OKPECTHOCTH

TOYKH X .
3. Tlposepka BwInOnHeHUs ypaBHeHus (8). Ecmm ypaBHenue (8) He BBIIOIHAETCH,

IIPOBEJCHHE KOPPEKLHH HAYaIbHOrO 3HaUeHUs M Nepexon K I.2. BelmoiHeHue ycnoBHs

(8) 3aBepiraeT UTEpAlMOHHYIO IIPOLEAYPY U AaeT pemieHue 3anauyd Komwu B 3amaHHON

Touke {X,y} .

MoxHo wHCHOnB30BaTh K 0oJiee MPOCTYIO MpPOLENypy HOJYYCHUS pellIeHHus,
HCKITIOYAIOIYIO PpeIIeHHE TPaHCIEHIEHTHOIO YpaBHEHMS M CBA3aHHBIE C 3THM IIOBTOpHBIE
YHCIICHHBIE BBIYHCICHUA peleHui nuddepennuanbHbx ypaBHeHu#. [TonpobHo nponenypa u
aNrOPUTM pEUICHHA IIPeACTaBICHBHI B JoKnage. B 3ToM Merone 3apaHee pacCUHTHIBAIOTCH
tabmunpl p(x) U z(x) mpHu HekOTOpoM Habope 3HA4YCHHUI NMapaMeTpa #, IPOBOJUTCS OLEHKA

001acTH HU3MEHEHHH BO3MOXXHOTO M3MEHEHHsS IepeMEeHHOH y (BenuuuHblY minu Y maxs

npuMepe 2), a 3aTeM JIMHEHHON WHTEPHONIINH OTBICKMBACTCS DEIIEHHE INPU JHCKPETHOM

. xk — xn
Habope nepeMeHHOH Xx, = Tk (Bekrop X B mpumepe 2). MOXHO HCITONB30BaTh U
r

Oosee TOYHBIE METONBI HHTEPNOJIANMM, IPUMEHHB WX H U1 HAXOXACHHUS pelieHuH B
IPOMEXYTKAX MEXIY JUCKPETHBIMHU 3HAYEHUSIMH IIEPEMEHHOH X .

EctecTBeHHO, IpeanaraeMas mpouenypa MokeT OBITh NpUMEHEHa K ypaBHEHHAM Oornee
BBICOKOTO IOpsiIKa M ¢ OOJIBIINM YHCIOM NEPEMEHHBIX, MMOCKOJIBbKY KaXkIOe YpaBHEHHE (MJIH
CHCTEMa YpaBHEHHWiH) MOXeT OBITh NpPUBENEHA K CHCTEME XapaKTEPUCTHYECKHX YpaBHEHHH
IIepBOro NOPSIKa 0T OJHOM nepeMeHHoMH [1].

O6nacTe TOpPUMEHEHMs MeTOoJa H  COOTBETCTBYIOIIME OrpaHHYECHHS 10  €ro
MCIIOIB30BaHUIO K HACTOSINEMY BPEMEHH ele He nosydeHsl. lIpenensras npoctora U o6IHOCTD
MeToJa MO3BOJIIOT HAHEATHCS Ha €ro YCIIEUIHOE HCIIOJIE30BAHHE BO BCEX CIydasX pereHus
ypaBHEHHH MaTeMaTH4YecKOH (HU3WKH, KOrJa JOKAa3aHO CYIIECTBOBAaHHE W EIHHCTBEHHOCTD
pelIeHUs 3a1a4H. :
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B kauecTBe nmpuMepa HCIIONB30BaHUS NpeIaracMbIX METOAOB B JOK/Iafe JaHO pelIeHHe
COKpAaIllEHHOH CHCTEMbI ypaBHEHHH, ONMUCHIBAIOIIMX II1a3MY B TPEXKHUAKOCTHOM NPHOIMKEHUH.

Jluteparypa:
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4. BTISIHUE PACIIPEAEJIEHHSA 110 TOBEPXHOCTH BHEITHEI'O TEIUIOBOI'O
IIOTOKA HA PABOTY CUCTEMBI AKTUBHOMU TEIIJIOBOM 3ALIIUTHI
JIETATEJIBHOI'O AITITAPATA

A.B.Kopa6enbuukoB, B.B.Kyunucknii, 1.B.Tumodeen, FO.B.Conoaxnn
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Jloknan mOCBAUIEH  H3JOXEHUIO  IONYIMIIUPUYECKOH  MaTeMaTH4yeckoil  Monenu
TEPMOXUMHYECKOTO peakTopa, B KOTOpO# BO3OeHCTBUE TEIUIOBOro mnortoka Ha TXP
MOZAECNHpYEeTCS  3aJaHHeM  HEKOTOpoH (YHKUHMM TEIIOBOrOo HCTOYHHKA ¢q(XY,Z 7).
Pacnpenenenune TemnoBeix HcroyHukoB mo jumHe TXP (mo ocu X) Oepercs B BHAE
skcroHeHMansHoi ¢pynxuun q(X)=qeexp(-X/Xo), MTuHEHHON UMK raycCOBCKOM (YHKUHH (WM
ux cynepnosunun). Mcrnonszopano npudimkeHne HECKUMAEMOTO ra3a (XKHUAKOCTH), IIOTHOCTh
ra3oBoit cMecH U OCHOBHbBIE MapaMeTpPhl, XapaKTepH3YIOIIHE TEIIOMACCOIEPEHOC, CUMTAOTCS
NOCTOSHHBIMH. byner paccMoTpeHO mpuOIHXEHHE, B KOTOPOM MHTEpECYIONHe Hac (yHKIHH
3aBUCAT TOJBKO OT OJHOH KoopauHaTHl X - pacctosHust oT Bxona B TXP. Ilpu atom BeiGop
HEKOTOpHIX mapaMeTpoB OydeT NpOM3BOOMTHCS TakuM oOpa3oM, kak OyaTo Ml Beaem
paccMOTPEHHE MOJTHOH TPEXMEPHOH CHUTYalllH, MO3TOMY TaKoe HpUOIMKECHUE MOXKHO CYMTATh
KBa3HOJHOMEPHBIM. B o0iieM ciiyyae cucTeMa CTalOHAPHBIX YPaBHEHHH TEMIOMAacCOoNepeHoca

B TpexmeproM TXP mMeeT BUL:
*

” ho
A2 Gvra 2v2, N07E, L 4 g )
CpP Cp Cpp cpp
kD 5 1
2 _a P2 o _
DV Py wVp0+ T ver p—O.

B TXP mnocrynaer cMech M3 M€TaHa M BTOPOTO CYMMapHOIr0 KOMIIOHEHTa , B KOTOPHIH
BXOJAT BCE OCTaldbHBIE INMPOMYKTH! peakuuu. OTHOCHTENBHBIE KOHHEHTPAllUH MeETaHa o
BTOPOro KOMIOHEHTa cMecH OOBIYHBIM 06pa3oM CBS3aHBI C COOTBETCTBYIOUIMMH IJIOTHOCTAMHU
IoHU Iy

0 rO/ 's r)/ )
Py = (r0+r2)= p’ Py = (r0+r2)= p,npnqup0+pZ—l.()

BBoas Ge3pa3zMepHyI0 NpPOCTPaHCTBEHHYIO NEPEMEHHYIO x=—i(—, rae L - pnuna TXP,
NojiyyaeM CHCTEMY YpaBHEHHIt
sk 3
c d
%.%[_z_y-__Q_JX,O__q__z.Q_.ﬂ:o,
CpP  CpP
3)

BxonHbmMu napaMeTpaMu 3ajaddl ABIAIOTCA pacxol METaHa ¢ H pacxod IIapoB BOJWI,
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kotopas Ha Bxojzie B TXP ABIseTCS €AMHCTBEHHBIM KOMIIOHEHTOM CMECH gx=g; (Kr/c).
Pewenue nepeozo ypagnenus nonyuaemcs cmaHOapmuulM MemoooM, eCiy CHumams, Ymo Ha
exooe 8 TXP (x=0) memnepamypa b6vina pasna memnepamype I, nocmynaioweii na 6x00 TXP

eazoeoti cmecu. Ilonyuennoe npu smom ycrnoguu pacnpedenenue memnepamypol no onune TXP
oaemcs 8blpadNCeHUeM

T(x)=[T0‘HQO ]Xe_Hx‘*'—QQ—e——gX, C))

- H-¢

cLl
e O, = Ly 270
wepp w,o-cp

Boruucnenue OMHOCUMENbHBIX 8€COBbIX KOHYEHMPAYUT OCMANLHBIX KOMHOHEHMOE
npoeooumcs no gopmynam

_= My 2+l My 1o
p1(x) = By My Fl [B0 = po (0] p2(x) 7 k+1[po po(0] .
My 1 _ My 4k +3_ ’
p3(x) = H;—E—I[Po — po(0)} p4(x) =j1t—/1§ P :1 [Bo = polry

rae ueaekce “1” sakpennen 3a H;O, “2” 3a CO, “3” 3a CO, u “4”3a Ha.-

TakuMm o6pa3oM, B HyJIeBOM IPHOJIMKEHHH HOTy4YEHB! paclpene/leHus KOHICHTpaluH H
Temnepatrypsl o anuHe TXP. JlanpHeliinee yTouHeHHEe JIETKO CAENaTh, IIOJCTABUB IOIy4YEHHOE
pacmpeneneHue TeMmrepaTypsl (4) Bo Bropoe ypaBHeHue (3) mia 6oiee TOYHOTO OIpele/ICHHs
KOHIIEHTPAIH METaHA, a BCIIE]] 32 3TUM - U BCeX JIPYTUX KOMIIOHEHTOB.

B noxnane npuBeneHbI pe3yNpTaThl pacdeTOB BIHSHHSA pa3udHBIX (OpM paciipeneieHus
TEIJIOBOTO HOTOKa, IIOCTYNAMOLIET0 Ha IOBEPXHOCTh TEPMOXHMHYECKOTO peakTopa, Ha
TeMIlepaTypy M KOHLEHTpalnuro MeTaHa. Paccumrtano pacmpeneneHHs KOHLEHTpalldii rasos,
TeMIIepaTyphl U CTENIEHH KOHBepCcHHU MeTaHa 1o anuHe TXP.

5. OHEHKA UBMEHEHHMS ITAPAMETPOB ILVIABMbI ITPOAYKTOB CT'OPAHUMS
NP TPOXOXKNEHNHA AKYCTHYECKHX BOJIH C HCIIOJIb3OBAHMEM
INPUBJIVMKEHHOT'O PEHIEHUA YPABHEHUU TPXCKHIKOCTHOU MOJEJIN
IVIA3MBI

B.B.Kyunnckuii, A.b.Huknrenxo, B.C.Ilepsyxun, 1.B.Tpodumos, 10.H.®uaumonos
Hayuno-uccneooeamenvckoe npednpusmue cunepsgykoguix cucmem, Cankm-Ilemep6ype

Ipu pa3pabGoTke HOBBIX METOJOB JAHACHOCTHKM TEIUIOBBIX IBUTATENed myTeM
H3MEPEHUS IEeKTPODU3UYECKUX MMApaMeTpoB  IUIa3MBI IPOAYKTOB CropaHus  Tpebyercs
OLNEHHTh CBA3b MEXIY OCHOBHBIMH XapakTEpUCTHKAMH  JBUraTens (TeMIepaTypoit u
NyJbCAllMOHHON COCTAaBIIIOINEH [aBi€HHS) M  BEMMYMHAMH HM3MEPSEMBIX IMOTCHUHMAIOB H
npoBoxuMocTeit [1]. B noxitane npemnoxeH 1 HCIOIb30BaH IIPOCTOM METO/ OLIEHKH HOTEHIHAIa
¥ IUIOTHOCTH TOKAa Ha OCHOBE NPHOIIXEHHOTO PEIIECHHUS CHCTEMBl ypaBHEHHMH, OMUCHIBAIONINX
HH3KOTEMIIEpaTypHYIO I1a3My IIPOJAYKTOB CTOPAHHSL B TPEXKUAKOCTHOM MOJIEIH.

Cucrema HecTallMOHApHBIX YpPaBHEHHH BKIIOYAET B Cce0A ypaBHEHHS [BHXKCHHS
3JIEKTPOHHOT'O ¥ HOHHOTO KOMIIOHCHTOB

nm, (3 +U, V)Ue + e
ot

W,-U,)+Vp, —en E =0, (H

e

n,.m,.(—g—t+U,.V)U,. +Zi W, -U,)+Vp, +enE=0 , 2)

YpaBHECHHE HOHU3AIIHMOHHOIO paBHOBECHA CPEALI B (I)OpMe Caxa, IpeacTaBIACMOC B BHIC
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M (x,1)=6.666798-107 —e *T 3)
(A-a)(1+1n) P°

3aBUCHMOCTH JAJISE CPEJHEMACCOBBIX INIOTHOCTH M CKOPOCTH
_mnt+tma+m,(l1-a) P U =m,U n+mUa+mU, (1-a)

- ’ E 4
P 1+n kT * muyp+ma+m,(l1-a) ®)
ypaBHEHHE HEPa3pBIBHOCTH [IOTOKA, YpaBHEHHE COXpaHEHHs 3apszaa M ypaBHeHHe [lyaccona
—a—py_+V(vaz)=0, 2q+V6?,‘=0, VE-—lq=0. ' 6)
Ot - ot &
3nece oy, = ¢ zm, (1+ kT ooy = ¢ zm, (1+ 9T MIOIBUXXHOCTH
m,Q,, V8kT (1-a)P; m,0, V8kT (1- )P,
JMEKTPOHHOTO M HOHHOIO KOMIIOHEHTOB COOTBETCTBEHHO, ¢ = em - JIOKaJbHas
kT(1+1)
IUTOTHOCTH HEKOMIIEHCHpOBaHHOro (u3bpiTouHoro) 3apsiga, @, =e(alU,-nU,) _
(A +g)kT

KOHBEKTHBHAA COCTABIIAIOLIAs IIJIOTHOCTH 3JIEKTPHYCCKOTO TOKA.
CucteMa CBOJHUTCA K BOCBMH JIHHEHHO HE3aBHCHMBIM COOTHOIICHHSIM MEXOY OCCATBIO

bynxuusmu: U,,U,,U,, py, Uy a,n, E, Py, T . CicTeMa 3aMBIKaETCS MPEITIOTIOKEHHEM O TOM,

9710 q)yHKI.IPIH P}: , T KaK onpeaciniaromue XapakTep  aKyCTHUYCCKHX BO3JICNCTBUH
pacCMaTprUBaOTCAd KaK U3BCCTHBIC

P, =p, |:1 +c cos( 7, Jo x)sin(2zn, fot)] l:l +c cos(zlm_lfi x) sin(2zn, j},t)] . (6)
a,

Bcro cosoxynHocThs BelpakeHuit (1)-(6) ynmaercs cBecTH K CHUCTEMe TpeX YpaBHEHHH
OTHOCHUTEJIbHO HEHM3BECTHBIX OTHOCHTENBHBIX CKOpocTed snektpoHoB u#, =U,/U,, MOHOB

u,=U,1U, (U, = } ) U CTENICHH HOHU3ANUH d :
K

a,

—=—Ku '+ —KF+KE

or Oz #,

Ou, . ~u. Q.

L:—Koueau‘+K, U =t Qu Mo o Mepy g Mep 7
az K, Qea m; m; m,;

Oa a 0 [ au,—nu

= (=) Ko |

or a +(1+a’)s oz\ 14n

rae K= |- _310,k,=—, k,=% | T i

am,yR m, f, So V8T ym,

kT,g) a oz

HpeHe6pera51 CKOPOCTBIO HOHOB H @TOMOB IO CPABHCHHIO CO CKOPOCTBIO JJIEKTPOHOB H
HNOACTaBJIAA COOTBETCTBYIOIIHUE YHCJICHHBIC 3HAYCHUS, IIOJTYIHM CUCTEMY H3 IBYX ypaBHGHI/Iﬁ

'aL::—KO ea
or oz

F= _%[mc sin(27z) sin(an)(g + eV )+ g 6a] g =14csin(2ntr)cos(2nz) .

-K,\Jgu +K, jwdz KF, w=a(l+s)-sla , 8)




K, Ou, +
Oa _ K.u, Oa P 0z
Ty L 2 oA 1270
or 1+a°/s 0z 1+a’/s|2mc §+ eV (cos(271'Z) cos(27t) - K, u, sin(znz)sin(Zitr))
g \2 kT,g

[Ipo HeGompmMX aMIINTyaX akKycTH4eckuX BOJH (¢ <<1) u xapakrepuelx s JXPJ]
JaBJICHUSIX M TeMIlepaTypaX H3 IIEpBOTO ypaBHEHHs (8) MOXHO IOIYyYHTh MPUOIHKEHHYIO
bopmyny mns ouenku U, =u,U, .
H4
v ~U, L 1.1-10‘6—1~J'wdz—4.6'10'6&17 . : 9)
4 00 P,
Pemenne ypapHeHui (8) mpoBOIUIOCE HTEPALUAMH METOAOM XapaKTCPHCTHK.
Pe3ynpTaThl BHIYMCIECHHI M MONy4YeHHBIE (GOPMYJIBI MO3BOJIIOT CHENATh CICHYIOIIHE
BBIBOJBI.
IIpu cpaBHUTENBPHO OONBIINX MOTEHIUATAX HOHU3ALUU v 2 10 3B cKOpOCTh 37E€KTPOHOB
IPONOPIMOHANIBHA YacTOTe U OOpaTHO NMpOIOPHHOHATHGHA AAaBIEHHI0. M3 BTOpOro ypaBHEHHS

(8) BHJIHO, YTO CTCHCHb HOHHU3AIIUH @ =~ \/; W 3aBHCHUT OT OABJICHHUA KU 4YaCTOTBEI TOJIBKO 4YEpE3
3aBHCHMOCTB CKOpPOCTH oT PE’ f;) . COOTBGTCTBCHHO, IVIOTHOCTD TOKa

Jj=enU, zea{TLUe IpONOpUHOHaNpHAa 4acToTe. M CKOPOCTH, M IJIOTHOCTH  TOKa
0
IIPONIOPIHOHANLHE! aMILTUTY/IE MOAY/IAIMH C .

[Momyyennsle GOpMyJbl MO3BOJSAIOT € AOCTATOYHO XOPOIUEH TOYHOCTHIO NPOBOJHUTH
OLCHKM BIIUAHMSA aKyCTHYECKOrO BO3MYIIEHHs HA JIOKAJBHBIE XapaKTEPHUCTHKH ILIa3MBbl
IPOLYKTOB CropaHus. IIpemToxeHHEIH METON OLNEHOK MOXET OBITH IIOJE3€H NpH pa3paboTke
JMarHOCTHYECKHX METONOB M HCCIENOBAHHUAX aKyCTHMYECKMX BOJH B HH3KOTEMIIEpaTypHOH
ITa3Me.

Jlureparypa:

1. AJL Kypanos, B.B.Kyuunckwuii, B.A.Ilunuyk, IO.H.®OunumonoB.
OnekTpou3nyecKue SBICHHS M IPOXOXICHHE YIAPHBIX W aKyCTHYECKHX BOJH B IUIa3sMe
npoayktos cropanus. «Ilomer». 2004, No** crp.***,

6. ITIPOBJIEMBI KATAJIN3A [P HOJIYYEHHUU BOAOPOJJA

Baacos E.A., *Kypanos A.JL., *Kopat6easuukop A.B., IToctaoB A.1O., Ilpoxonenxo A.H.
Canxm-Ilemepbypeckuii 20cy0apCcmeeH bl MeXHON02UYeCKUT UHCMUmym (mexHu4ecKkui
yrugepcumem), *OAO « HUIII'C» XK «Jlenuney»

K XX croneruo monHocTsi0 chOpMHpOBaach 3KOHOMHKA, OCHOBAaHHAsI Ha MCKOMAEMbIX
ToruthBax (yrie, HehTH, raze). OgHAKO HEYKIOHHO BO3POCIO YHCIO M YaCTOTa HKOJOTHYECKHX
KaTtacTpod: KHCJIOTHBIE MOXIH, MApHUKOBHIA 3((deKT, 030HOBBIE IBIPEI, CMOr H Jp.
AJIbTEPHATHBHBIM TOILIMBOM MOXeT ObITh BOZOPO HJIM TOIJIUBHEIH ras, CXHIaHHEe KOTOPOro He
JaeT BpenHBIX BbIOpocoB. OCHOBHBIE NHONOXEHHS CGHOPMUPOBAHHOM B HACToOsIlEe BpeMs
KOHUENIUY BOJOPOJHON 3HEPreTUKM cienylolue: 1) IpOM3BOACTBO BOJOPOJAA M3 BOABI C
UCIOb30BaHUEM HEBO30OHOBISEMBIX (Yrojib, NMPUPOIHBIN ra3, aTOMHas JHEpPrus U T.J.) H
BO300HOBIISIEMBIX UCTOYHHUKOB 3HEpruu (COJIHIE, BeTep, Ouomacca u.T.1.); 2) TPaHCIOPTHPOBKA
U XpaHEHHe BOAOpOJa; 3) HUCIOJB30BAHHE BOAOPOJA B MPOMBINUIEHHOCTH, Ha TPAHCHOPTE U B
ObiTy; 4) mnpoOneMBl HaIEeXHOCTH BOJOPONHOH TEXHHKH M 0€30IaCHOCTH BOIOPOIHBIX
JHEPreTHUECKUX CHCTEM M INpobjeMa KOHCTPYKIHOHHBIX ¥ (DYHKIHOHANBHBIX MAaTepHaIOB
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(kaTamu3aTopbl, MeMOpaHbl, HaKOIMTENH BOJOPOAa Ha OCHOBE OJIATOPOAHBIX H PEAKUX
3JIEMEHTOR).

CrnenyeT OTMETUTH euwle OAHY NpoOiieMy, CBSI3aHHYIO € BOJOPOAHOHM 6e30MacHOCTHIO
aTOMHBIX 37neKkTpocTaHiui (ADC), KOTopas OCHOBHIBAETCS Ha NMPHUMEHEHHH aBTOMATHYECKHX
CPENCTB PEryJUPOBAaHUS M UCIIONBb30BaHUHM CIIELHATBHBIX Mep 1o 3amuTe. [locnentee BxmovaeT
KaK KOHTPONb KOHLIEHTpPALIMKM BOAOpOAAa B CIHYXeOHBIX IOMEIIEHHAX, TaK M aKTHBHOE
KaTaIHTHYECKOe okuciaeHHe H,, obpasyromierocs npu aBapum B CHCTEMaX OXJIaXIECHHS
akTHBHOHM 30HBL. IIpoOneMe! nosgyueHus BOZOpOJA TECHO CBA3aHBl TAKXKe C peanu3auueid
KaTaJlMTHYECKUX IPOIECCOB B CNENHAIBHO CKOHCTPYMPOBAHHBIX KOHBEPTOPAX, B KOTOPBIX
OJJHOBPEMEHHO MPOTEKAalOT 3K30- M SHIOTEpPMHYECKHe INpouecchl. KaTanmsaTophl Ains Takux
PEaKTOpOB Ha OCHOBE BBLICOKOMODHCTHIX SYEHUCTBIX MATEPHAIOB MOIYT OBITH C yCIEXOM
HCIIONB30BaHBl M [Js TONYyYEHHS BOAOPOJA H3 YIJEBOJOPOJHBIX Ta30B [UIS TOIMJIMBHBIX
3JIEMEHTOB.

Be3ycnoBHO, MPON3BOACTBO M HCHONL30BAHHE BOAOPOJAA M TOIUIMBHBIX ra3oB HE MOXET
Obite  peanusoBaHo Oe3  katanmsatopoB. CymecTByromue pa3pabOTKH — KaTanu3aTopoB
6a3sHpoBalMCh Ha HAay4YHBIX JOCTHKEHHAX 60-70 rogoB MpPOLUIOrO CTONETHS, HCHONB3YS
TPaOULIMOHHBIE METOAB! INPUTOTOBICHHSA (CMEINEHUS, COOCAXACHUSA, NponuTku). OnHaKo
yCTEXH HaHOTEXHOJIOTMHM 3a IIOCIEIHHME TOABl 3aCTaBHIM IEPECMOTPETh CYIIECTBYIOIIHE
COCTaBbl H TEXHOJOTHM NpPUMEHSEMBIX KaTaJM3aTOpOB. HIupoko ucmons3yeMmele
(MoneKkyNsIpHOE HacnauBaHHe, IIA3MEHHOE HalbUIEHHE, 30Jb-Tellb METO, MEXaHO-XHMHYECKOEe
aKTHBHDOBAHME, THAPOTEpPMaNbHOE MOAHGUIMPOBAHHE), @ TaKXKe HOBBIE MEPCHEKTHBHBIE
HAaHOTEXHOJIOTMH  (JlasepHOEe  3JIEKTPOJHMCIEPTHPOBAaHHE, 3KCTPAKLIMOHHO-MUPOTUTHYECKHH
Crnocob M Apyrue) OTKPHIBAIOT IIHPOKHE BO3MOXHOCTH 10 YJIYYIIEHHIO CBOHCTB KaTaJIH3aToOpOB,
perieHuIo npobieM NOTy4YEHHUs TOTIMBHBIX Ia30B.

Jnsa ycnemHoro pemeHus 3ajad NpU IOJy4YEHHHM BOAOPOJAa M TOIUIMBHOTO rasa B
Omoxafimue rompl MOTPeOYIOTCS CHEHMANUCTB! Pa3IMYHOro Mpoduias, B TOM YHCIE
MOArOTOBJIEHHBIE B OONIACTH KaTanu3a, TEIUIOQU3NKH, XMMHMH H TEXHOJOTHH KaTalH3aTOPOB M
copbeHToB, ¢M3MKE M XMMHUH TOPEHHS TOIUIMBA, KOHCTPYHPOBAHMS M  YIPaBJICHHS
KaTINTHIECKUMHI KOHBEPTOPAMH U IPYTHX pa3/iefiax COBPEMEHHO HayKH.

6. PROBLEMS OF CATALYSIS AT HYDROGEN PRODUCTION
Vlasov Ye.A., *Kuranov A.L., *Korabelnikov A.V., Postnov A.Yu., Prokopenko A.N.

St. Petersburg state technological institute (Engineering University)
¥ Hypersonic Systems Research Institute of the Leninetz Holding Company, St. Petersburg

By the 20t century, the economy based on fossil fuels (coal, oil, gas) has been fully
shaped. But at the same time, ecological disasters such as acid rains, greenhouse effect, ozone
holes, smog, etc. are steadily growing in number and frequency. Hydrogen or fuel gas the
combustion of which does not result in harmful emissions could be used as alternative fuel.
Fundamental tenets of the present day hydrogen energy conception are as follows:

1. Hydrogen production from the water using non-renewable (coal, natural gas, nuclear
energy, etc.) and renewable energy sources (sun, wind, biomass, etc.);

2. Hydrogen transportation and storage;

3. Industrial, residential and transportation hydrogen usage;

4. Reliability issues of hydrogen engineering and safety of hydrogen energy systems; the
problem of construction and function materials (catalysts, membranes, hydrogen
collectors on the basis of noble and rear-earth elements).

One more problem associated with hydrogen safety of nuclear power plants needs to be
mentioned here. It is based on the usage of automatic control systems and special protection
measures. The latter includes both monitoring of hydrogen concentration in the indoor offices




67

and active catalytic oxidation H; resulting from emergency cases in the cooling systems of active
zone. The problems of hydrogen production are also closely connected with realization of
catalytic processes in specially designed converters wherein exothermic and endothermic
processes occur at the same time. The catalysts for such reactors on the base of highly cellular
materials can be successfully used for the hydrogen production from hydrocarbon gases for the
fuel elements.

It goes without saying, that production and usage of hydrogen and fuel gases can not be
realized without catalysts. The existing catalyst samples have been developed on the basis of
scientific achievements in the sixties-seventies of the last century using traditional preparation
techniques (such as mixing, co-precipitation and impregnation). But accomplishments of n-
technology over the last years have caused revision of the <existing compositions and catalyst
processing techniques. Extensively used molecular lay-up, plasma spraying, sol-gel method,
mechanochemical activation, hydrothermal modification and also new advanced n-technologies
(such as laser electrodispersion, extraction-and-pyrolysis technique and others) open up new
opportunities for enhancement of catalyst properties and solution of the problems associated with
fuel gases production. '

7. TEPMOJJMHAMHUYECKOE OBOCHOBAHMUE BBIGOPA CBIPbS JJIA
TOINVIMBHBIX 3JIEMEHTOB

IlerpauenxoBa A.C, Koros /I.H., JlaBpunen E.U, IToctHos A.IO
Canxm-Ilemepbypzckuii 20Cy0apcmeeHHbLI MEXHON0SUYECKUT UHCMUMYm
(Texnuueckuii ynueepcumem)

JInd IOPTATHBHBIX M HH3KOTEMIIEPATYPHBIX TOIUIMBHBIX O3JEMEHTOB B KayecTBe
NIEpCHEKTUBHOIO ChIPbS MOTYT OBITh HCIIONIB30BAHbI OPraHMYeCKUe KUCIOTHI, CIIUPTHI, KETOHBI U
Ip., U3 KOTOPBIX NpSAMBIM 3NEKTPOOKHCIEHHEM WM KOHBEpCHEH BOIHBIX pPacTBOPOB Ha
IUTaTHHOBOM KaTanu3aTope-aHoAe BO3MOXKHO IMONydeHue Bojopoaa. B nanHoii pabote nmpoBencH
TepMOJHHAMHYECKHH aHANIM3 psifla XUMHYECKHX IpeBpalleHuni ¢ obpasoBanueM H, u okcuaoB
yriuepona.

Jlnd nonyuyeHus Bojgopoda ObUT IPEANIONKEHBl PEAKIMM pPa3JoKEHHs M KOHBEPCHH
OpraHM4ecKHX BeIlecTB ¢ 006pa3oBaHHEM BOOOpOIa U OKcHIoB yriepona Il u IV:

HCOH = H,+ CO @)) C,HsOH=3H,0+CO+C (6)
HCOH+ H,0 = 2H,+ CO; 2) CH;COOH = 2H,+ 2CO @)
HCOOH = Hy+ CO, 3) CH;COOH + 2H,0 = 4H,+ 2CO; ()
C,Hs0H + 3H,0 = 6Hy+ 2CO,  (4) CH;0H + H,0 = 3Hy+ CO, ®
C,HsOH + H,0 = 4H,+2CO (%) CH;0H = 2H,+ CO (10)

Pacuer m306apHO-H30TEpMHUYEeCcKHX moTeHUHaoB (AGr) mpeanaraeMbIX —peakIiguit
IpOH3BOIMIN 10 MeToAy TemkuHa- IlIBapumana B HHTepBane Temnepatyp ot 25°C mo 450 °C.
JIns oLleHKH SHepreTHYeCKUX BO3MOXKHOCTEH paccMaTpUBAEMBIX PeaKlHii pacCUNTaHa BETHUHHA
YIEIbHOH SHEProeMKOCTH W (BT/(q-CM3)) no ypaeHeHHIo: ® = AGr -0/(3600-M), rne p -
ITOTHOCTB, r/cM°; M-MonspHas Macca, I/MOib. TaKk Kak B HACalIbHOMH 3NEKTPOXHMHUUECKOH
CHCTEME IIPOMCXOJUT TePMOAMHAMMYECKH OOpaTHMOE MpPEBpAllleHHE XUMHYECKHX BEIIECTB, TO
MakKCHMaJIbHas JNeKTpHU4ecKas pabora, coBepiiaeMas IpU 3TOM, paBHa M3MEHEHHIO H300apHO-
U30TEpMHUYECKOro moTeHIHana. [loaTomy aHamu3 ynenbHON SHEPrOEMKOCTH XapaKTepU3yeT
TeopeTHyeckue (TepMOAUHAMUYECKUE) SHEPTETUUECKHUE CBOMCTBA Pa3IMUHBIX BEUIECTB.

C ToykM 3peHMS XKOMMYECTBa BOJOPOMA, BBLACILIOIIETOCS IPH Pa3IOXKEHHH 1 Mo
HCXOHOTO pearcHTa, HauboJee IepcleKTHBHEIM CHIPhEM OKa3bIBatoTCs 3TaHol (6 moneit H, mo
peakiuu (3) u 4 Mosnist o peakuuu(6)), ykcycHas kucnora (4 mons Hy o peakuuam(4) u (9)) u
metadon (3 Mons H; mo peakmmu(5)). Tepmoaunamuueckuil aHamM3 MaHHBIX peaKUHH
IIOKa3bIBACT, YTO OHU HE MOTYT OBITH peayin30BaHbl IpU HHU3KUX Temmeparypax. Komnsepcus
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METaHONMa CTAHOBUTCS  TEPMOAHHAMHUYECKHM BO3MOXHOH IIpM  TeMIepaType  BBbIIIE
50°C.OcTanbHBlE M3 NEpEYHCNIEHHBIX BEINECTB pAa3NaraloTcs MHPH 3HAYUTENBHO OONMBIIMX
TEMIlepaTypax, 4YTO HEXENaTe/lbHO A MCIONIb30BaHHA B TOIUIMBHBIX dneMeHTax. [lostomy
BO3HHMKAET MHTEpPEC K peaKUusM, NAIOLIMM MEHBIIMH BBIXOX O BOJOPOAY, HO IPH ITOM
IIPOUCXOIALIUX IIPH HU3KUX TeMIlepaTypax. TakoBeIMH ABJSIFOTCS peakuuu (1), (2), (6).

AHanu3 3aBUCHMOCTH BEJIMYHHBI DHEPrOeMKOCTH OT TEMIIEPaTypbl IOKAa3bIBAET, YTO
Hauboree NMEPCIEKTHBHBIM ChIPHEM UL CHHTE3a BOJOpPOJA B TOIUTMBHBIX 3JEMEHTaX ABNACTCS
¢dopManbIeru] U MypaBbHHAs KucioTa. [Ipy 3TOM clieqyeT 3aMeTHTh, YTO C YBETHYEHHEM
TeMIepaTypsl yIeIbHbIE SHEPrOEMKOCTH, COOTBETCTRYIOUIME peakiusaMm (4) u (9) pactyT ropaszno
6eicTpee, M npu TemmepaType nopsamka 400-450°C HaumsaroT mpeBBIUATH 9HEProeMKOCTh
NEpBOH peakLUu. '

IlpoBenenHblf aHamuM3 MO3BONSET TOBOPHTH O HEOOXONUMOCTH BECTH JaibHEHIIHE
UCCIICIOBAHHUS B TPEX HATIPaBJICHUAX:

e pazpaboTKa IIOPTAaTHBHBIX TOIUIMBHBIX TOIUIMBHEIX OSJEMEHTOB Ha OCHOBE
MeTaHoJa;

e pa3paboTka IMOPTAaTHBHBIX TOIUIMBHBIX TOIUIMBHBIX OJIEMEHTOB Ha OCHOBE
¢dopManbATHAA U MypPaBBHHOM KHCIIOTHI,

e pa3paboTka MpOUECCOB BHICOKOTEMIIEPATYPHOH KOHBEPCHH 3TaHOJIA.

7. THERMODYNAMIC JUSTIFICATION OF FEEDSTOCK SELECTION FOR
FUEL ELEMENTS

Petrachenkova A.S., Kotov D.N., Lavrinets Ye.l., Postnov A.Yu.
The St. Petersburg State Technological Institute (Engineering University)

Organic acids, alcohols, ketones, etc. from which hydrogen could be obtained through
direct electrooxidation or conversion of water solutions on platinum anode catalyst could serve
as -a promising feedstock for the portable and low-temperature fuel elements. In this paper we
present thermodynamic analysis of a number of chemical transformations resulting in H, and
carbon oxides formation.

To produce hydrogen, reactions of decomposition and conversion of organic matters with
formation of hydrogen and carbon oxides II and IV have been suggested:

HCOH = H, + CO (1)  CHsOH=3H,0+CO +C (6)
HCOH + H,0 =2H; + CO, 2) CH3COOH =2H, + 2CO @)
HCOOH =H, + CO, 3) CH3COOH + 2H,0 =4H, + 2CO;, (8)
C,H;0H + 3H,0 = 6H, + 2CO, ©)) CH;0H + H,0 = 3H; + CO, 9
C,;HsOH + H,0 = 4H, + 2CO (5) CH30H=2H,+ CO (10)

Calculation of isobar-isotherm potentials (AGr) of the proposed reactions was performed in
Tyemkin-Schwarzman method in the temperature range from 25° C to 450° C. To evaluate
energy potentialities of the reactions under considerations, specific energy capacity value w was
computed (W/h-cm®) according to the following equation: © = AGr - p / (3600 - M)
where p is density, g/cm?; M — molar mass, g/mole.

Inasmuch as in the ideal electrochemical system thermodynamically reversible
transformation of chemical matters takes place, the maximum electric work performed therewith
is equal to isobar-isotherm potential variation. Therefore, analysis of specific energy capacity
characterizes theoretical (thermodynamic) energy properties of different matters.

From the quantitative point of view as regards hydrogen obtained at decomposition of I
mole of initial reagent, the most promising feedstock proved to be ethanol (6 H, moles as per
reaction (3) and 4 moles as per reaction (6); acetic acid (4 moles as per reactions (4) and (9); and
methanol (3 moles of H; as per reaction (5). Thermodynamic analysis of these reactions shows
that they can not be realized under low temperatures. Methanol conversion becomes
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thermodynamically possible at temperature exceeding 50° C. The rest of the listed matters
decompose under considerably higher temperatures which is undesirable for the usage with fuel
elements. This raises the question to the reactions with lower hydrogen yield but occurring under
low temperatures. Such are reactions (1), (2), (6).

Analysis of the amount of energy capacity dependence on temperature reveals that the most
promising feedstock for hydrogen synthesis in fuel elements is formaldehyde and formic acid. It
needs to be noted thereat that with temperature increase specific energy capacities corresponding
to the reactions (4) and (9) are increased more rapidly and at temperatures ~ 400-450° C begin to
exceed energy capacity of (1) reaction.

The performed analysis suggests that further investigations should be focused on the
following: ‘

e development of the portable fuel elements on basis of methanol;
e development of the portable fuel elements on basis of formaldehyde and formic acid;
e development of high-temperature ethanol conversion processes.

8. IPOTPAMMHGBIN ITAKET JIJISI MOJAEJIMPOBAHUS KHHETHYECKHX
HPOLOECCOB 1 DMUCCHOHHBIX CIIEKTPOB B I'A30PA3PATHOU IIVIASME

J.B.Xmapa, }0.®.KonecHu9eHKO )
Huemumym Beicoxux Temnepamyp PAH, Mockeéa, Poccus

IpencraBneH mporpaMMHBIH NakeT [UII MOJETUPOBaHMSA KHHETHYECKHMX IIPOLECCOB H
O9MHCCHOHHBIX CIIEKTPOB B razopaspsamHoil mmasme. IlakeT COCTOMT M3 B3aHMOCBS3aHHBIX
IIPOrpaMMHEIX OJIOKOB, IIPeIHA3HAYCHHBIX JJIS peIIeHNs HEKOTOPBIX 6a30BBIX 3a/1a4, CBI3aHHBIX
C HEpPaBHOBECHBIMM I'a30BBIMHU CPEJIAMH.

Cocragstonue nakeTa 06pasyroT CIeIyIOMYI0 HEPAPXHUIO:

1. nommepxuBaemas 6aza maHHbIX “BBASE 5 XuUMHUYeCKHX, 2HEProoOMEHHBIX U 3apsIo-
BBIX peakiuii (oxono 6000 peaxknuii, cpime 15000 3anuceit ans KOHCTaHT CKOPOCTH peaKLUi U3
6onee 1300 suTepaTypHBIX HCTOYHHMKOB —II0 COCTOSHMIO Ha KoHel Mapta 2006r.),
OIIUCHIBAIONIMX BO3OYX C pasNHYHBIMH, B TOM YHCIE€ H TOPIOYMMH, IPUMECAIMH B
HEPaBHOBECHBIX YCIIOBHAX;

2. mporpaMMma YHCIEHHOTO pellleHHA ypaBHeHus BosibliMaHa JUIs pacrpefeleHus JIeKTpo-
HOB IO 3HEPIHsIM B ra30BBIX CMeECSX BO BHEIIHeM 3nekTpudeckoM moise “EEDF”, cnabxeHHas
0a3oif maHHBIX JUIs HAaOOpOB CEYECHUI CTONKHOBEHHH BIEKTPOH-HEHWTpal B pa3NMYHBIX ra3ax
(uHepTHBIX, N2, O, Hy, CO, CO,, O, H, yrieBomopoaax, raioreH3aMelleHHBIX yIIIEBOAOpoJax
H.T.JL.);

3. renepatop kuHetnueckux Mexanu3MoB “KINGEN”, ceg3annsiii ¢ “BBASE 5” u “EEDF”
M IpefHa3HA4YeHHBIH JUI1 CHHTE3a M HAKOIUIEHHS 0a3bl JAaHHBIX KHHETHYECKHX MEXaHH3MOB
“kinetic mechanisms database” Takux, HanpuMmep, Kak “cyxoit Bo3myx” (N/O), ‘ “BnacHBIit
Bo3ayx” (N/O/H), “roproune cMecu Bo3ayxa ¢ yraesogoponamu” (N/O/H/C);

4, mporpaMMa peUIeHHs CHCTEM 3BOJIOIHMOHHBIX YpPaBHEHHUH U1 KOHIIEHTpalUil BEIIECTB
“KIN”, ucnonp3yromas B KauecTBE BXOJHBIX JAHHBIX MexaHH3MbI M3 “kinetic mechanisms
database”, BKJIOHaIOIIas CIPaBOYHMK IO TEPMOJMHAMHYECKHAM CBOHCTBAM HHAMBUIYyaTbHBIX
BEIL[ECTB M BCTPOEHHBIN 00paboTYrK CIIEKTPOB;

5. mporpamma “SPECTRA 2”, npennazHaueHHas I OOpabOTKH 3KCIIEPUMEHTANbHBIX
OMUCCHOHHBIX CHEKTPOB arOMOB H MOJIEKYJ IIPH YCIOBHH TOrO, YTO pEajbHBIE CIEKTPHI
SIBJISIFOTCSI MHOTOKOMITOHEHTHBIMH.

[TporpaMMHBIif ITakeT pazpaboTaH i onepanuoHHo# cuctembl MS Windows.

[lpuBenmeHBl TakXXe IpHMEpHl NpPUMEHEHHWs MakeTa Ipu HcciaegoBanusax CBY
ra3opaspsIHOH IIa3Mbl.
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8. SOFTWARE PACKAGE FOR KINETIC AND SPECTRA EMISSION MODELING
OF GAS DISCHARGE PLASMA

D.V.Khmara, Yu.F.Kolesnichenko
Institute of High Temperatures RAS, Moscow

Software package for modeling of kinetic processes and spectra emission of gas discharge
plasma is introduced. The package consists of interrelated software items, which are assigned for
solving of some basic problems connected with non-equilibrium mediums.

The constituents are:

1. the continuously maintained database “BBASE 5” for chemical, energy exchange and
charged reactions (about 6000 reactions, above 15000 records of rate constants from above 1300
literature sources - at the end of March 2006) is adapted for non-equilibrium air with various
admixtures included the combustible admixtures;

2. the solver of Boltzmann equation for electron energy distribution function in gas
mixtures “EEDF” supplied by the database for cross sections sets for various gases (the noble
ones, Ny, O,, Hy, CO, CO,, O, H, hydrocarbons, halocarbons, etc.);

3. the generator of kinetic mechanisms “KINGEN” joined with “BBASE 5” and “EEDF”
and assigned for the storage of kinetic mechanisms database (for example “dry air”, “humid air”,
“combustible mixture of air and hydrocarbons”); '

4. the solver of the set of kinetic equations for species concentrations dynamics “KIN” with
input data from kinetic mechanisms database is included, as well as a handbook for
thermodynamic properties of individual substances with corresponding database and embedded
spectra processor; :

5. the spectra processor “SPECTRA 2” is adopted for processing of experimental emission
spectra under conditions of theirs multi-component composition.

The software package is designed for Windows environment. Examples of the package
application to problems of MW discharge plasma investigation are also presented.




